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Introduction 


Breast  cancer  is  frequently  associated  with  gene  amplification  of  the  chromosome  1  lql3, 
resulting  in  overexpression  of  cortactin,  a  cortical  actin-associated  protein  and  a  prominent 
substrate  of  protein  tyrosine  kinase  Src.  Cortactin  is  accumulated  in  peripheral  structures  of 
cells  including  lamellipodia  and  membrane  ruffles  where  cortical  actin  is  enriched.  In  MDA- 
MB-231  breast  cancer  cells  plated  on  extracellular  matrix  cortactin  is  enriched  in 
invadopodia,  a  type  of  membrane  protrusions  that  participates  in  degradation  of  and  invasion 
into  the  matrix.  While  the  precise  role  of  cortactin  in  tumor  progression  remains  unclear, 
amplification  and  overexpression  of  cortactin  appear  to  be  intimately  associated  with 
patients  with  poor  prognosis  or  relapse,  indicating  that  overexpression  of  cortactin  may 
contribute  to  a  late  stage  of  tumor  progression.  This  notion  is  further  strengthened  by  our 
recent  study  showing  that  MDA-MB-231  cells  overexpressing  wild-type  cortactin  acquired 
higher  potential  for  cell  migration  in  vitro  and  tumor  invasion  and  metastasis  in  vivo.  The 
protein  sequence  of  cortactin  is  featured  by  six  and  one  half  tandem  copies  of  a  unique  37- 
amino-acid  repeat  and  a  Src  homology  3  (SH3)  domain  at  the  carboxyl  terminus.  Our  recent 
study  also  demonstrated  that  cortactin  binds  via  its  N-terminus  to  Arp2/3  complex,  a 
primary  machinery  for  actin  polymerization.  Such  interaction  plays  a  critical  role  in  the 
regulation  of  actin  cytoskeleton  in  cell  leading  edges.  Studies  from  this  laboratory  have 
further  found  that  cortactin  interacts  with  a  certain  type  of  phosphatidylinositides,  which 
bind  to  the  plasma  membrane  and  are  known  to  be  implicated  in  the  regulation  of  the 
cytoskeleton.  Therefore,  we  hypothesize  that  the  association  of  cortactin  with  these 
phospholipids  may  be  important  for  the  dynamics  of  actin  cytoskeleton  at  the  cell  leading 
edge  and  play  a  role  in  tumor  invasion  and  metastasis.  The  project  funded  by  this  grant  is  to 
characterize  the  detail  of  the  interaction  of  cortactin  with  phospholipids  and  seek  for 
opportunities  by  which  we  may  be  able  to  compromise  metastasis. 


Body 

Task:  Study  the  effects  of  phosphatidylinositides  on  the  activity  of  cortactin-mediated 
actin  polymerization  and  structural  elements  essential  for  the  association  of  cortactin  with 
phospholipids 

The  rationale  to  study  cortactin  phosphatidylinositide  association  is  to  investigate  the 
regulation  of  the  activity  of  cortactin.  While  our  study  in  the  previous  year  demonstrated 
that  cortactin  binds  to  multiple  types  of  phospholipids,  PI(4)P  and  PI(5)  appeared  to  be 
the  strongest  affinity  for  cortactin.  To  define  the  significance  of  the  binding  of  these  types 
of  lipids  on  the  function  of  cortactin,  we  examined  the  effect  of  PI(4)P  and  PI(5)P  on  the 
function  of  cortactin.  Synthetic  PI(5)P,  PI(4,5)P2,  PI(4)P  (Echelon  Biosciences)  were 
suspended  in  chloroform  and  transferred  to  glass  vessels.  The  chloroform  was  removed 
by  vacuum.  The  lipid  film  was  resuspended  in  buffer  (10  mM  imidazole  [pH  7.0],  50  mM 
KCl,  1  mM  EGTA,  1  mM  MgCb)  by  vortexing  in  a  37°C  water-bath,  and  subjected  to 
sonication  for  10  min.  The  resultiug  liposome  was  added  in  actin  polymerization  reaction 
containing  1.5  pM  Mg- ATP  G-actin,  Arp2/3  complex  and  cortactin  at  concentrations  as 
indicated.  Pyrene  fluorescence  was  measured  at  excitation  at  365  run  and  emission  at 
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407  nm,  and  the  value  was  collected  on  a  LS50B  spectrofluorometer  (Perkin  Elmer)  at  a 
rate  of  1  point  every  3s.  As  shown  in  Figure  1  A,  the  activity  of  cortactin  in  the 
stimulation  of  Arp2/3  complex  for  actin  polymerization  is  significantly  enhanced  by 
PI(5)P,  not  by  PI(4,5)P2.  Interestingly,  PI(4)P  inhibits  significantly  cortactin/Arp2/3 
mediated  actin  assembly  at  concentration  of  100  pM  (Figure  IB).  The  effect  of 
phospholipids  on  actin  branching  was  also  examined  (Figure  2).  While  the  actin 
assembled  in  the  presence  of  Aip2/3  complex/cortactin  or  in  addition  to  PI(5)P  were 
significantly  branched,  those  in  the  presence  of  PI(4)P  were  long  with  little  branching. 
This  result  indicates  specificities  of  PI(4)P  and  PI(5)P  on  cortactin. 

In  addition,  we  have  established  a  series  of  small  interference  RNA  (siRNA)  to  inhibit 
the  expression  of  cortactin  in  MDA-MB-231  cells.  Two  of  these  RNAs  can  effectively 
knock  down  cortactin  by  more  than  80%.  In  a  collaboration  with  Susette  Muller  in 
Georgetown,  we  have  found  that  cortactin  siRNA  can  inhibit  invadopodia  formation  of 
tumor  cells. 


—  actin  only 

- Arp2/3(10nM) 

—  Arp2/3/Coft 


- P^5)P(G6hM) 

- P(5)P(100iiM) 
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—  actin  only 

- Arp23Cort 
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Figure  1.  The  effect  of  plto^hatitfylinositol  5-ph)0sphate  (PI(5)P,  phospho^hatii^Imositol  4-pho6phDate  (PI(4)P  aiid 
phosphatidylinositol  4,5-biophosphates  (PI(4,5)P2  on  cortactm/Arp2^3  mediate  actin  assembly 
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Key  research  accomplishments 


1 .  Established  the  method  to  prepare  liposomes  and  analyze  the  activity  of 
phospholipids  in  actin  assembly. 

2.  Established  an  effective  RNAi-based  method  to  knock  down  the  function  of 
cortactin  in  MDA-MB-231  breast  cancer  cells. 

3.  Determined  a  key  biochemical  reaction  by  which  cortactin  promotes  actin 
branching 
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Conclusions 


1 .  Different  types  of  phospholipids  exhibit  different  specific  activity  on  cortactin. 
PI(4)P  inhibits  cortactin  while  PI(5)P  enhances  the  activity  of  cortactin. 

2.  Cortactin  is  essential  for  the  formation  of  invadopodia  of  breast  cancer  cells. 


% 

Biochem.  J.  (2003)  371,  485-493  (Printed  in  Great  Britain) 
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Haematopoietic  iineage  ceii-specific  protein  1  (HS1)  promotes  actin-reiated 
protein  (Arp)  2/3  compiex-mediated  actin  poiymerization 

Takehito  URUNO*,  Peijun  ZHANG*t,  Jiali  LIU*,  Jian-Jiang  HAO*  and  Xi  ZHAN*^^ 

*Department  of  Experimental  Pathology,  Jerome  H.  Holland  Laboratory  for  the  Biomedical  Sciences,  American  Red  Cross,  15601  Crabbs  Branch  Way,  Rockville, 

MD  20855,  U.SA,  finstitute  of  Oceanology,  Chinese  Academy  of  Sciences,  Qingdao  266071,  People’s  Republic  of  China,  and  {Department  of  Cell  Biology  and  Anatomy, 
The  George  Washington  University,  Washington,  DC  20001,  U.S.A. 


HSl  (haematopoietic  lineage  cell-specific  gene  protein  1),  a  promi¬ 
nent  substrate  of  intracellular  protein  tyrosine  kinases  in  haemato¬ 
poietic  cells,  is  implicated  in  the  immune  response  to  extracellular 
stimuli  and  in  cell  differentiation  induced  by  cytokines.  Although 
HSl  contains  a  37-amino  acid  tandem  repeat  motif  and  a  C- 
terminal  Src  homology  3  domain  and  is  closely  related  to  the 
cortical-actin-associated  protein  cortactin,  it  lacks  the  fourth 
repeat  that  has  been  shown  to  be  essential  for  cortactin  binding 
to  filamentous  actin  (F-actin).  In  this  study,  we  examined  the 
possible  role  of  HSl  in  the  regulation  of  the  actin  cytoskeleton. 
Immunofluorescent  staining  demonstrated  that  HSl  co-localizes 
in  the  cytoplasm  of  cells  with  actin-reiated  protein  (Arp)  2/3 
complex,  the  primary  component  of  the  cellular  machinery 


responsible  for  de  novo  actin  assembly.  Furthermore,  recombi¬ 
nant  HSl  binds  directly  to  Arp2/3  complex  with  an  equilibrium 
dissociation  constant  (A^)  of  880  nM.  Although  HSl  is  a  modest 
F-actin-binding  protein  with  a  of 400  nM,  it  increases  the  rate 
of  the  actin  assembly  mediated  by  Arp2/3  complex,  and  promotes 
the  formation  of  branched  actin  filaments  induced  by  Arp2/3 
complex  and  a  constitutively  activated  peptide  of  N-WASP 
(neural  Wiskott-Aldrich  syndrome  protein).  Our  data  suggest 
that  HSl,  like  cortactin,  plays  an  important  role  in  the  modu¬ 
lation  of  actin  assembly. 

Key  words:  actin  cytoskeleton  haematopoietic  cell,  cortactin, 
tyrosine  kinase,  Wiskott-Aldrich  syndrome  protein  (WASP). 


INTRODUCTION 

The  actin  cytoskeleton  plays  a  fundamental  role  in  the  function 
of  haematopoietic  cells,  including  antigen-mediated  activation  of 
lymphatic  receptors  [1,2],  platelet  activation  [3]  and  adhesion 
of  leucocytes  to  vascular  cells  [4].  While  signalling  cascades  from 
extracellular  stimuli  often  lead  to  changes  in  the  dynamics  of  the 
actin  cytoskeleton,  the  molecular  mechanism  by  which  the  actin 
cytoskeleton  is  regulated  in  haematopoietic  cells  had  not  been 
known  until  the  recent  discovery  of  Wiskott-Aldrich  syndrome 
protein  (WASP)  and  actin-reiated  protein  (Arp)  2/3  complex 
[5-8].  Arp2/3  complex  contains  two  actin-reiated  subunits,  Arp2 
and  Arp3,  and  five  other  unique  polypeptides  [9].  Under  physio¬ 
logical  conditions,  Arp2/3  complex  binds  to  the  side  of  an  actin 
filament,  serves  as  the  nucleation  site  for  the  assembly  of 
monomeric  actin,  and  generates  branched  actin  filaments,  which 
compose  a  characteristic  actin  network,  filling  up  the  areas 
within  cell  leading  edges  including  lamellipodia  and  membrane 
ruffles.  However,  the  stimulation  of  the  nucleation  activity  of 
Arp2/3  complex  requires  the  function  of  WASP  or  its  related 
proteins,  which  interact  with  and  activate  Arp2/3  complex  upon 
binding  to  membrane-associated  small  GTPases  such  as  Cdc42 
p,10,ll].  Whereas  WASP  and  small  GTPases  constitute  an 
important  pathway  from  extracellular  signals  to  the  actin  net¬ 
work,  other  signalling  molecules  such  as  the  non-receptor  protein 
tyrosine  kinase  Src  and  its  related  proteins  are  also  known  to  be 
implicated  in  the  modulation  of  the  actin  cytoskeleton  [12]. 
However,  the  key  substrate(s)  of  the  Src  family  kinases  re¬ 


sponsible  for  cytoskeletal  reorganization  in  haematopoietic  cells 
remain  unknown. 

HSl  (haematopoietic  lineage  cell-specific  gene  protein  1)  was 
originally  isolated  as  a  putative  transcription  factor  exclusively 
expressed  in  haematopoietic  cells  [13].  However,  subsequent 
studies  indicate  that  HSl  is  mainly  a  cytoplasmic  protein  and 
is  often  phosphorylated  at  tyrosine  residues  upon  activation  of 
membrane  receptors  including  B-cell  antigen  receptor  [14,15], 
CD3  T-cell  receptors  [16]  and  Fc  eRI  of  mast  cells  [17].  Increased 
tyrosine  phosphorylation  of  HSl  is  also  concomitant  with  the 
activation  of  one  or  several  intracellular  protein  tyrosine  kinases 
such  as  Lck,  Syk,  Lyn,  Fgr  and  TPK-IIB  [14,18-21].  Direct 
association  of  HSl  with  Lyn  and  Lck  has  been  described  in 
T-cells  and  during  the  differentiation  of  erythroid  cells  mediated 
by  erythropoietin  [15,19,22,23].  The  physiological  function  of 
HSl  is  further  illustrated  by  the  study  of  HSl -knockout  mice,  which 
displayed  a  defect  in  antigen-induced  proliferation  and  depletion 
of  lymphocytes  [24].  There  is  also  evidence  showing  that  HSl  is 
implicated  in  the  apoptotic  response  to  the  activation  of  antigen 
receptors  on  lymphocytes,  and  lymphatic  cells  with  low  levels  of 
HSl  expression  have  acquired  a  resistance  to  apoptosis  [25]. 
Consistent  with  its  role  in  apoptosis,  HSl  is  able  to  bind  via  its 
Src  homology  3  (SH3)  domain  to  HAX,  a  Bcl-2-like  protein  [26]. 

HSl  contains  3.5  37-amino  acid  tandem  repeats  and  also  an 
SH3  domain  at  the  C-terminus.  This  structure  is  closely  related 
to  that  of  cortactin,  an  intracellular  protein  expressed  primarily 
in  adherent  cells  [27,28].  The  amino  acid  sequences  of  the  N- 
terminus,  the  repeat  motif  and  the  SH3  domain  of  HSl  share 


Abbreviations  used:  Arp,  actin-reiated  protein;  DTT,  dithiothreitol;  F-actin,  filamentous  actin;  G-actin,  globular  actin;  GFP,  green  fluorescent  protein; 
GST,  glutathione  S-transferase;  HSl,  haematopoietic  lineage  cell-specific  gene  protein  1;  N-WASP,  neural  WASP;  SH3.  Src  homology  3;  VGA, 
verprolin-cofilin-acidic  motif;  WASP,  Wiskott-Aldrich  syndrome  protein. 

^  To  whom  correspondence  should  be  addressed,  at  the  Department  of  Experimental  Pathology,  Jerome  H.  Holland  Laboratory  for  the  Biomedical 
Sciences  (e-mail  zhanx@usa.redcross.org). 
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Figure  1  Structural  comparison  of  cortactin  and  HS1 

(A)  Schematic  presentation  of  cortactin  and  HS1.  The  N-terminal  region,  the  37-amino  acid  repeat  and  SH3  domain  are  indicated  with  different  degrees  of  shading.  (B)  Alignment  of  the  N-terminal 
sequence  of  human  cortactin  and  human  HS1.  Identical  amino  acids  are  indicated  by  dots  between  them.  The  DOW  motif,  which  is  essential  for  cortactin  binding  to  Arp2/3  complex  is  boxed 
(C)  Alignment  of  the  repeats  of  human  cortactin  and  human  HS1.  Each  repeat  is  denoted  on  the  left  by  CortR  or  HS1R  followed  by  a  number  corresponding  to  its  position  in  the  sequence  The 
consensus  sequence,  as  defined  using  residues  with  an  occurrence  of  more  than  50%,  is  also  shown.  ■ 


identities  of  over  65  %  with  those  of  cortactin  (Figure  1),  whereas 
the  region  between  the  repeat  and  the  SH3  domain,  which 
contains  a  putative  a-helix,  two  or  three  phosphotyrosyl  residues 
and  a  proline-rich  region,  is  less  conserved.  Like  HSl,  cortactin 
is  also  known  to  be  implicated  in  growth-factor  signal  trans¬ 
duction  and  acts  as  a  primary  substrate  of  Src-related  kinases 
[29,30].  Recent  studies  demonstrated  further  that  cortactin  is  an 
Arp2/3-complex  stimulator  and  modulates  the  dynamics  of  the 
actin  cytoskeleton  [31,32],  In  vivo,  cortactin  is  tightly  associated 
with  the  cortical  actin  and  co-localizes  with  the  Arp2/3  complex 
within  punctated  structures  and  the  cell  leading  edge.  In  vitro, 
cortactin  binds  directly  to  the  Arp2/3  complex,  enhances  the 
actin  nucleation  activity  of  the  Arp2/3  complex  and  promotes 
the  formation  of  actin  branches  during  actin  polymerization 
[31,32]. 

The  distinguishing  structural  feature  of  HSl  is  that  it  contains 
only  3.5  repeat  units,  which  is  in  contrast  to  the  5.5  or  6.5  repeat 
units  frequently  found  in  cortactin  isoforms.  Whereas  the 
repeat  domain  of  cortactin  is  known  to  be  responsible  for 
filamentous  actin  (F-actin)  binding,  it  requires  at  least  4  repeat 
units  for  F-actin  binding  [29,31].  In  particular,  the  cortactin 
fourth  repeat  has  been  implicated  in  a  direct  interaction  with 
F-actin  [33],  which  is  apparently  missing  in  HSl.  Therefore,  the 
role  of  HSl  in  the  modulation  of  the  actin  cytoskeleton  has  not 
yet  been  established.  In  fact,  a  previous  study  was  unable  to 


determine  a  significant  level  of  HSl  associated  with  F-actin  [34], 
although  its  interaction  with  the  actin  cytoskeleton  was  assumed 
[35].  In  the  present  study,  we  show  that  HSl  is  able  to  bind  to 
F-actin  with  modest  affinity  compared  with  cortactin.  Further¬ 
more,  HSl  is  able  to  interact  directly  with  Arp2/3  complex 
and  activate  the  Arp2/ 3 -complex-mediated  actin  nucleation  and 
branching  in  a  manner  similar  to  cortactin.  Thus  our  study 
indicates  that  modulating  actin  assembly  is  a  common  function 
with  both  cortactin  and  HSl. 

MATERIALS  AND  METHODS 
Antibodies 

Monoclonal  antibody  against  green  fluorescent  protein  (GFP) 
was  purchased  from  Molecular  Probes.  Polyclonal  antibodies 
against  a  human  Arp3  peptide  and  recombinant  human  HSl 
tagged  with  glutathione  S-transferase  (GST)  were  prepared  as 
described  previously  [31,34].  All  polyclonal  antibodies  were 
purified  by  Protein  A-Sepharose  4  Fast  Flow  (Amersham 
Biosciences)  affinity  chromatography  as  described  previously 
[30]. 

Plasmid  construction 

Plasmid  pGST-HSl  was  constructed  as  described  previously  [34]. 
A  His- tagged  HSl  plasmid  (pQEHSl)  was  constructed  by 
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inserting  a  PCR-generated  human  HSl  DNA  based  on  pGST- 
HSl  into  the  BanMl  and  Sail  sites  of  pQE-30  (Qiagen).  The 
pQEHSl  plasmid  was  selected  in  XL  1 -Blue  bacterial  cells  (Strata- 
gene).  The  nucleotide  sequence  of  the  coding  region  was  con¬ 
firmed  by  DNA  sequencing.  Plasmid  pHSl-GFP  was  prepared 
with  the  aid  of  PCR  using  pGST-HSl  as  the  template  and  the 
primers  5'-AGCTCAGAATTCATGTGGAAGTCTGTAGTG- 
GGC-3'  and  5'-AGCTCAGTCGACCACTCCAGAAGCTTG- 
ACATA-3'.  The  resulting  DNA  fragment  was  inserted  into 
EcoKl/Sali  sites  of  pEGFPl-Nl  (Clontech). 

Preparation  of  GST-HS1  and  His-HS1  proteins 

GST-HSl  was  prepared  as  described  previously  [34].  To  purify 
His-HSl  protein,  XL  1 -Blue  cells  harbouring  the  pQEHSl 
plasmid  were  grown  at  37  °C  to  a  density  of  =  0.6,  and 
expression  was  induced  by  adding  0.5  mM  isopropyl  y^-D- 
thiogalactoside  (‘IPTG’)  followed  by  incubation  at  34  °C  with 
constant  shaking  at  250  rev. /min  for  4  h.  The  bacteria  were 
harvested  by  centrifugation  at  4000  g  for  20  min  and  resuspended 
in  lysis  buffer  (50  mM  NaH^PO^,  pH  8.0,  300  mM  NaCl  and 
10  mM  imidazole)  at  a  ratio  of  4  ml/g  (wet  weight).  Lysozyme 
was  added  to  a  final  concentration  of  1  mg/ml  and  the  lysate  was 
subsequently  incubated  on  ice  for  30  min.  The  lysate  was  further 
subjected  to  sonication  with  an  ultrasonic  microprobe  using  a 
setting  of  six  10  s  bursts  at  200-300  W  with  a  10  s  cooling  period 
between  each  burst.  After  sonication,  Triton  X-100  was  added  to 
a  final  concentration  of  1  %  and  the  lysate  was  incubated  on  ice 
for  20  min.  The  lysate  was  then  centrifuged  at  10000^  for 
20  min.  The  supernatant  was  mixed  with  50  %  (v/v)  slurry  of 
Ni^'^-nitrilotriacetic  acid  (‘Ni-NTA’)  resin  and  incubated  for  1  h 
at  4  °C  in  a  rotator  at  20  rev./min.  After  washing  with  lysis 
buffer  containing  20  mM  imidazole,  His-HSl  was  eluted  with  the 
same  buffer  containing  250  mM  imidazole.  The  eluate  was  loaded 
on  to  a  Mono-Q  column  on  a  Waters  600  pump  in  50  mM  Tris/ 
HCl,  pH  7.5,  containing  1  mM  dithiothreitol  (DTT)  and  1  mM 
EGTA,  and  eluted  against  a  KCl  gradient  from  0  to  1  M  in  the 
same  buffer  at  1  ml/min.  The  major  peak  was  collected  and 
concentrated  with  Centricon-10  (Millipore).  The  concentration 
of  purified  protein  was  determined  by  the  Bradford  method 
using  BSA  as  a  standard.  The  purified  His-HSl  protein  was 
divided  into  small  aliquots  and  stored  at  —  80  °C. 

Purification  of  Arp2/3  compiex 

Arp2/3  complex  was  purified  from  bovine  brain  extracts  by  a 
two-step  procedure  as  described  in  [7]  with  a  modification. 
Briefly,  frozen  bovine  brain  (100  g)  was  sliced  with  blades  and 
homogenized  with  a  dispersion  device  (Polytron  PT  2100; 
Kinematica  AG)  on  ice  in  100  ml  of  buffer  Q  (20  mM  Tris /HCl, 
pH  8.0,  100  mM  NaCl,  5  mM  MgCl^,  5  mM  EGTA  and  1  mM 
DTT)  supplemented  with  50  /^g/ml  PMSF,  5  /tg/ml  leupeptin 
and  1  /tg/ml  aprotinin.  The  homogenized  sample  was  then 
clarified  by  centrifugation  at  125000  g  for  90  min  at  4  °C,  and  the 
supernatant  was  subjected  to  chromatography  in  a  100  ml 
Q  Sepharose  column  equilibrated  with  buffer  Q.  The  flow¬ 
through  containing  Arp2/3  complex  was  collected,  supplemented 
with  0.1  rtiM  ATP  and  fractionated  on  a  GST-verprolin-cofilin- 
acidic  motif  (VCA)  glutathione-Sepharose  column  equilibrated 
with  buffer  B  (50  mM  Tris/HCl,  pH  7.5,  25  mM  KCl,  1  mM 
MgC4,  0.5  mM  EDTA,  1  mM  DTT  and  0.1  mM  ATP).  After 
washing  with  0.2  M  KCl  in  buffer  B,  the  Arp2/3  complex 
was  eluted  with  buffer  B  containing  0.2  M  MgClg.  The  protein  was 
then  dialysed  against  buffer  Q  and  further  subjected  to  additional 
chromatography  using  Q  Sepharose  to  remove  residues  of  GST- 
VCA.  The  protein  in  the  flow-through  fraction  of  the  second  Q 


Sepharose  fractionation  was  concentrated  by  a  Centricon-30 
(Millipore),  and  the  buffer  was  changed  to  Ca^'^-free  1  x  poly¬ 
merization  buffer  (50  mM  KCl,  2  mM  MgClg,  1  mM  EGTA, 
0.25  mM  ATP,  10  mM  Tris/HCl,  pH  7.3,  3  mM  NaNg  and 
0.5  mM  DTT).  Protein  concentration  was  determined  by 
Bradford  method  using  BSA  as  the  standard. 

Analysis  of  the  interaction  between  HS1  and  Arp2/3  compiex 

Purified  GST-HSl  (5  or  10 /ig)  immobilized  on  glutathione- 
Sepharose  (Amersham  Biosciences)  was  mixed  with  10  pmol  of 
Arp2/3  complex  in  500  [A  of  buffer  A  (50  mM  Tris/HCl,  pH  8.0, 
150  mM  NaCl  and  1  %  Triton  X-100),  and  incubated  at  4  °C  on 
a  rotating  wheel  for  90  min.  After  brief  centrifugation,  the  beads 
were  washed  twice  with  buffer  A  and  dissolved  in  20  /^l  of  2  x 
SDS  loading  buffer.  The  amount  of  Arp2/3  complex  in  the  beads 
was  quantified  by  immunoblotting  using  a  polyclonal  anti-Arp3 
antibody  after  separation  by  SDS/PAGE. 

To  analyse  the  affinity  of  HSl  for  Arp2/3  complex,  purified 
Arp2/3  complex  (4  nM)  was  incubated  with  immobilized  GST- 
HSl  at  different  concentrations  for  90  min  at  4°C  in  binding 
buffer  (50  mM  Tris/HCl,  pH  7.5,  1  mM  EGTA,  0.1  mM  CaCl^, 
0.5  mM  DTT,  3  mM  NaNg,  50  mM  KCl,  2  mM  MgCl^  0.2  mM 
ATP,  0.2  mg/ml  BSA  and  0.1  %  Tween-20).  After  incubation, 
samples  were  centrifuged  at  800^  in  a  microcentrifuge  for  10  s 
and  the  supernatants  were  then  fractionated  by  SDS/PAGE 
(12%,  v/v,  gels)  and  immunoblotted  with  polyclonal  anti-Arp3 
antibody.  The  proteins  that  were  reactive  to  Arp3  antibody  were 
detected  by  enhanced  chemiluminescence  (ECL)  with  an  optimal 
exposure  time  that  yielded  a  near-linear  detection  range  based  on 
purified  Arp2/3  complex  at  three  known  concentrations  that 
were  loaded  on  the  same  gel.  The  densities  of  Arp3  bands  shown 
on  the  blot,  which  represented  unbound  Arp3,  were  scanned  and 
quantified  with  Scion  Image  software.  The  amounts  of  Arp3 
depletion  by  different  concentrations  of  GST-HSl  were  used  to  fit 
a  single  rectangular  hyperbola  using  GraphPad  Prism  3,  and  the 
value  was  calculated  on  the  basis  of  F  =  V^^JJ/{K^-\-C), 
where  V  is  the  depletion  of  Arp3  proteins  in  the  supernatant  and 
C  is  the  concentration  of  unbound  HSl.  The  same  methodology 
was  also  used  in  the  measurement  of  the  affinity  for  GST- VCA 
and  GST-cortactin. 

Actin-polymerization  assay 

Polymerization  of  globular  actin  (G-actin;  10  %  pyrene-labelled) 
was  performed  as  described  in  [31]  with  a  modification.  Briefly, 
Ca^+ATP-G-actin  in  G-buffer  (5  mM  Tris/HCl,  pH  8.0, 0.2  mM 
CaClg,  0.5  mM  DTT  and  0.2  mM  ATP)  was  converted  into 
Mg^'^ATP-G-actin  by  mixing  with  0.1  vol.  of  lOx  exchange 
buffer  (2  mM  EGTA/1  mM  MgClg)  at  20  °C  for  2  min  [36-38]. 
Actin  polymerization  was  initiated  by  adding  60  [A  of 
Mg^'^ATP-G-actin  (10  /^M)  to  240  [A  of  1.25  x  polymerization 
buffer  (62.5  mM  KCl,  2.5  mM  MgCl^,  12.5  mM  imidazole, 
pH  7.3,  1.25  mM  EGTA,  0.125  mM  CaCl^,  0.625  mM  DTT, 
0.3125  mM  ATP  and  3.75  mM  NaNg)  in  the  presence  of  Arp2/3 
complex  and  His-HSl  at  the  concentrations  indicated.  Actin 
assembly  was  monitored  by  measuring  the  increase  in  pyrene 
fluorescence  detected  with  an  LS50B  spectrophotometer  (Perkin 
Elmer)  with  filters  for  excitation  at  365  nm  and  emission  at 
407  nm. 

F-actin  branching  assay 

F-actin  branching  assay  was  based  on  a  method  that  was 
described  previously  [39].  Briefly,  polymerization  of  2.0  pM 
monomeric  actin  was  initiated  by  30  nM  His-HSl  in  the  presence 
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Figure  2  The  interaction  of  HS1  and  Arp2/3  compiex 

(A)  Pull-down  analysis  of  the  interaction  of  HS1  with  Arp2/3  complex.  GST-VCA  or  GST-HS1  at  various  concentrations  was  mixed  with  88  nM  Arp2/3  complex  as  described  in  the  Materials  and 
met^hods  section.  After  incubation  for  90  min  at  4  X,  GST-conjugated  proteins  were  precipitated  by  glutathione  beads.  The  presence  of  Arp2/3  complex  in  the  pellet  was  analysed  by  Immunoblottinq 
wth  Arp3  antibody.  Lane  1,  0.1  pmol  of  Arp2/3  complex;  lane  2,  600  nM  GST-VCA;  lanes  3-5,  GST-HS1  at  600,  300  and  150  nM.  respectively:  lane  6,  GST.  300  nM.  (B)  Comparison  of  the 
affinity  of  GST-HS1.  GST-cortactin  and  GST-VCA  for  Arp2/3  complex.  Purified  Arp2/3  complex  (4.4  nM)  was  mixed  with  different  amounts  of  immobilized  GST-HS1,  GST-cortactin  or  GST-VCA. 
After  90  min  of  incubation  at  4  °C,  samples  were  centrifuged  at  800  g  for  10  s.  The  presence  of  Arp3  in  the  supernatants  was  detected  by  immunoblot  with  anti-Arp3  antibody.  Amounts  of  Arp3 
were  quantified  by  digital  scanning  and  normalized  to  the  percentage  of  depletion.  The  resulting  data  were  used  to  fit  a  rectangular  hyperbola,  yielding  apparent  K.  values  of  881  647  and  115  nM 
for  GST-HS1._  GST-cortactin  and  GST-VCA.  respectively.  (C)  Immunofluorescent  staining  of  HS1-GFP  and  Arp2/3  complex  within  macrophage  cells.  Raw  264.7  macrophage  cells  were  transiently 
transfected  with  pHSI-GFP.  The  transfected  cells  were  fixed  and  double-stained  with  monoclonal  anti-GFP  antibody  (panel  a)  and  polyclonal  anti-Arp3  antibody  (panel  b).  The  arrowheads  indicate 
representative  locations  where  HS1-GFP  and  Arp3  were  apparently  co-localized.  A  non-transfected  cell,  as  shown  in  panels  (a)  and  (b).  is  indicated  by  an  arrow. 


of  30  nM  GST-VCA  and  8  nM  Arp2/3  complex.  To  visualize 
actin  branches,  a  molar  equivalent  of  rhodamine-phalloidin 
(Molecular  Probes)  was  added  to  the  reaction  solution  at  given 
times  after  initiation.  Samples  were  diluted  400-fold  in  fresh 
fluorescence  buffer  (100  mM  KCl,  1  mM  MgClg,  100  mM  DTT, 
10  mM  imidazole,  pH  7.3,  0.5%  methylcellulose,  20 /^g/ml 
catalase,  100/4g/ml  glucose  oxidase  and  3  mg/ml  glucose). 
Diluted  samples  (2.0  /A)  were  applied  on  to  coverslips  precoated 
with  0.1  %  nitrocellulose  in  «-amyl  acetate.  Actin  filaments  were 
examined  by  an  Olympus  IX-70  inverted  microscope  using  a 
100x  1.35  NA  objective  lens.  Images  were  captured  with 
a  digital  camera  controlled  by  the  SPOT  advance  software. 
The  digital  images  were  processed  with  Adobe  Photoshop  to 
generate  monochromatic  images.  Actin  branches  were  quantified 
by  measuring  the  density  of  branches  (number  of  branch  points/ 
filament  length)  from  five  randomly  selected  images  using  Scion 
Image  software. 

F-actin  binding  assay 

F-actin  was  prepared  by  incubating  G-actin  in  polymerization 
buffer  at  room  temperature  for  4  h.  To  compare  the  F-actin 
binding  ability  of  HSl  with  cortactin,  F-actin  at  different 
concentrations  was  mixed  with  30  nM  His-HSl  or  His-cortactin 
followed  by  incubation  for  30  min  at  room  temperature.  The 
concentration  of  F-actin  was  calculated  by  the  subtraction  of 


0.1  /iM  from  the  concentration  of  G-actin.  The  reaction  solution 
was  centrifuged  at  200000^  for  30  min  to  pellet  the  bound 
proteins.  The  unbound  His-HSl  or  His-cortactin  proteins  in  the 
supernatant  were  fractionated  by  SDS/PAGE  and  detected  by 
immunoblotting  using  antibodies  against  HSl  or  cortactin. 

Immunofluorescence  analysis 

Murine  macrophage  cell  line  Raw  264.7  was  from  the  A.T.C.C. 
The  cells  were  maintained  in  Dulbecco’s  modified  Eagle’s  medium 
plus  10  %  fetal  bovine  serum.  The  cells  at  logarithmic  phase  were 
transfected  with  plasmids  pHSl-GFP  or  pEGFPl-Nl  with 
Superfect  (Qiagen).  After  24  h,  the  transfected  cells  were  plated 
on  fibronectin-coated  glass  coverslips  in  the  growth  medium. 
After  an  additional  12  h  incubation,  the  cells  were  permeabilized 
by  incubation  for  20  s  in  0.1  M  Mes,  pH  7.4,  containing  0.2% 
Triton  X-100, 1  mM  MgClg,  1  mM  EGTA  and  4  %  poly(ethylene 
glycol)  6000,  The  permeabilized  cells  were  subsequently  fixed  for 
30  min  in  3.7%  paraformaldehyde  in  PBS  followed  by  three 
washes  with  PBS.  The  cells  were  then  incubated  for  30  min  in 
PBS  containing  2%  BSA  followed  by  a  1  h  incubation  in  the 
same  buffer  containing  polyclonal  anti-Arp3  antibody  at  a 
concentration  of  50  /ig/m\  and  monoclonal  anti-GFP  antibody 
at  10  /ig/ml.  After  three  washes  with  PBS,  secondary  antibodies 
(rhodamine-conjugated  anti-rabbit  IgG  and  fluorescein-con¬ 
jugated  anti-mouse  IgG  antibodies)  were  applied.  After  1  h 
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incubation,  cells  were  washed  with  PBS  and  mounted  in  Prolong 
antifade  solution  (Molecular  Probes)  on  a  glass  slide.  The  samples 
were  examined  by  confocal  laser  microscopy  using  a  Bio-Rad 
Radiance  2100  laser  scanning  system  equipped  with  a  Nikon 
Eclipse  E800  microscope. 

RESULTS 

HS1  interacts  directly  with  Arp2/3  complex 

The  interaction  between  HSl  and  Arp2/3  complex  was  first 
examined  using  a  pull-down  assay  using  GST-HSl  and  purified 


bovine  Arp2/3  complex.  As  shown  in  Figure  2(A),  GST-HSl  at 
concentrations  ranging  from  150  to  600  nM  (Figure  2A,  lanes 
3-5)  was  able  to  pull  down  readily  88  nM  Arp2/3  complex  as 
indicated  by  the  presence  of  Arp3,  a  subunit  of  Arp2/3  complex, 
in  the  pellets,  whereas  GST  alone  (Figure  2A,  lane  6)  precipitated 
no  detectable  Arp3  as  analysed  by  immunblot.  Analysis  of  the 
Arp3  remaining  in  the  supernatant  after  pull-down  estimated  a 
of  881  nM  for  the  binding  of  GST-HSl  to  Arp2/3  complex. 
This  value  is  very  similar  to  that  of  cortactin  =  647  nM) 
but  significantly  greater  than  that  of  GST-VCA  (K^=  115  nM), 
a  constitutively  active  peptide  of  human  neural  WASP  (N- 
WASP;  Figure  2B)  [7].  The  similar  affinities  of  HSl  and  cortactin 
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Figure  3  HSl  promotes  actin  polymerization  nucleated  by  Arp2/3  complex 

(A)  Actin-polymerization  analysis.  Polymerization  of  2  /tM  10%  pyrene-labelled  6-actin  was  initiated  with  80  nM  Arp2/3  complex  and  His-HSI  at  the  indicated  concentrations.  For  comparison, 
50  nM  His-cortactin  was  also  analysed  in  parallel.  (B)  His-HSI  alone  does  not  have  actin-assembly-promoting  activity.  The  conditions  were  the  same  as  in  (A)  except  that  His-HSI  was  used  at 
80  nM  and  Arp2/3  complex  at  14  nM.  (C)  Comparison  of  the  activities  of  His-HSI  and  His-cortactin  for  actin  poiymerization  based  on  the  time  required  for  achieving  50%  of  a  maximal  actin 
polymerization  {ty2)-  (D)  Comparison  of  the  affinities  of  HSl  and  cortactin  for  F-actin:  30  nM  His-HSI,  His-cortactin  or  tag-free  cortactin  was  co-precipitated  with  F-actin  at  concentrations  ranging 
from  0.3  to  6  /tM.  The  values  were  estimated  as  described  in  the  Materiais  and  methods  section.  The  estimated  for  His-HS1  was  395  nM  and  that  for  either  His-cortactin  or  tag-free  cortactin 
was  iess  than  100  nM. 


©  2003  Biochemical  Society 


490 


T.  Uruno  and  others 


Figure  4  HS1  promotes  the  formation  of  stable  F-actin  branches 

(A)  Actin  polymerization  was  initiated  by  8  nM  Arp2/3  complex  and  30  nM  GST-VCA  in  the  absence  (a,  c)  or  presence  (b,  d]  of  30  nM  His-HS1.  After  10  min  (a,  b)  or  1  h  (c,  d), 
rhodamine-phalioidin  at  molar  concentrations  equivalent  to  monomer  actin  was  added.  The  labelled  actin  filaments  were  examined  under  a  fluorescent  microscope.  Scale  bar  (d),  5  wm.  Panel 
(e),  an  enlarged  image  derived  from  (b)  is  shown  on  the  left.  On  the  right  a  sketch  for  the  reconstruction  of  these  branched  actin  complexes  is  presented.  (B)  Quantification  of  HS1 -mediated  actin 
branching.  The  branch  density  was  calculated  based  on  the  ratio  of  the  number  of  branching  sites  to  the  length  of  the  filament  in  five  randomly  selected  images  from  the  same  experiment  as 
presented  in  (A).  Each  data  point  was  calculated  based  on  the  measurement  of  actin  filaments  of  more  than  200  /irw  in  length.  (C)  Comparison  of  the  actin  branching  activity  of  His-HSI  with 
His-cortactin.  Actin  branching  was  initiated  in  the  presence  of  8  nM  Arp2/3  complex.  30  nM  GST-VCA,  and  His-HSI  or  His-cortactin  at  the  indicated  concentrations.  The  density  of  actin  branching 
at  each  concentration  was  calculated  based  on  the  average  branching  sites  counted  from  200  fim  actin  filaments. 


for  Arp2/3  complex  is  consistent  with  a  conserved  sequence  of 
63  %  identity  in  their  N-termini,  which  includes  the  DDW  motif 
that  has  been  demonstrated  to  be  critical  for  cortactin  binding  to 
Arp2/3  complex  (Figure  IB)  [31]. 

The  interaction  of  HSl  and  Arp2/3  complex  was  further 
examined  by  analysing  murine  Raw  264.7  macrophage  cells 
overexpressing  a  form  of  human  HSl  tagged  with  GFP  at  its  C- 
terminus  (HSl-GFP).  The  cellular  distributions  of  HSl-GFP 
and  endogenous  Arp2/3  complex  were  analysed  by  immuno¬ 
fluorescence  staining  with  a  monoclonal  anti-GFP  antibody  and 
polyclonal  anti-Arp3  antibody,  respectively.  As  shown  in  Figure 
2(C),  both  HSl-GFP  and  Arp3  are  found  in  punctate-like 
structures  enriched  within  the  cell  periphery  and  the  cytoplasm. 
In  many  punctates,  co-localization  of  HSl-GFP  and  Arp3  is 
evident.  The  specificity  of  the  staining  was  verified  by  negative 
GFP  staining  of  a  non-transfected  cell  as  indicated  by  an  arrow 


(Figure  2C,  panels  a  and  b)  and  cells  expressing  GFP  only 
(results  not  shown). 

HS1  promotes  actin  assembly  nucleated  by  Arp2/3  complex 

Arp2/3  complex  is  a  primary  cellular  factor  involved  in 
actin  nucleation,  a  rate-limiting  step  for  de  novo  synthesis  of  actin 
filaments  [9].  Therefore,  we  determined  whether  binding  of  HSl 
to  Arp2/3  complex  had  any  influence  on  actin  assembly.  The 
effect  of  HSl  on  the  nucleation  activity  of  Arp2/3  complex  was 
evaluated  by  measuring  the  polymerization  of  pyrene-labelled  G- 
actin.  The  rate  of  actin  polymerization  was  apparently  enhanced 
in  the  presence  of  both  His-HSI  and  Arp2/3  complex  (Figure 
3A).  Half-maximal  actin  polymerization  was  reached  within 
600  s  in  the  presence  of  50  nM  His-HSI  and  80  nM  Arp2/3. 
However,  the  rate  of  His-HSI -stimulated  actin  growth  appeared 
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to  be  lower  than  that  of  His-cortactin,  which  was  able  to  induce 
half-maximal  stimulation  in  approx.  300  s  under  the  same 
conditions  (Figure  3 A).  The  apparent  activity  of  His-HSl  in 
actin  assembly  was  probably  due  to  its  interaction  with  Arp2/3 
complex  because  no  significant  increase  in  actin  polymerization 
was  detected  in  the  presence  of  either  Arp2/3  (Figure  3  A)  or  His- 
HSl  alone  (Figure  3B).  The  activities  of  HSl  and  cortactin  were 
also  compared  by  their  dose-dependent  stimulation  of  half- 
maximal  actin  assembly  {h;  Figure  3C).  Whereas  His-cortactin 
has  an  apparent  higher  potency  than  His-HSl,  both  proteins 
»  showed  50  %  stimulation  at  a  concentration  near  25  nM  and 
maximal  stimulation  at  50  nM.  Thus,  like  cortactin,  HSl  has 
apparently  a  high  functional  efficacy  for  Arp2/3  complex  during 
.  actin  polymerization  although  its  binding  affinity  for  Arp2/3  is 
low. 

HSl  is  a  modest  F-actin>binding  protein 

Cortactin  is  known  as  a  potent  F-actin-binding  protein  through 
its  repeat  domain,  and  its  affinity  for  F-actin  appears  to  be 
crucial  for  its  stimulation  of  Arp2/3-mediated  actin  assembly 
[31].  The  apparent  activity  of  HSl  to  stimulate  Arp2/3  complex 
suggests  that  HSl  may  be  an  F-actin-binding  protein  as  well. 
However,  HSl  has  a  short  repeat  domain  (3.5  37-amino  acid 
tandem  repeats)  and  its  ability  to  bind  to  F-actin  has  not  yet  been 
established.  We  examined  the  interaction  of  HSl  with  F-actin  by 
co-precipitation  of  His-HSl  and  F-actin  and  quantified  the 
interaction  by  plotting  co-precipitated  HSl  as  a  function  of  F- 
actin  concentration  (Figure  3D).  This  analysis  estimated  the 
of  His-HSl  for  F-actin  binding  to  be  approx.  395  nM.  In  a 
parallel  experiment,  we  also  measured  the  affinity  of  His-cortactin 
for  F-actin  and  estimated  the  of  His-cortactin  at  less  than 
100  nM  (Figure  3D).  A  precise  prediction  of  the  value  for  His- 
cortactin  has  not  been  achieved  because  the  critical  concentration 
of  actin,  approx.  100  nM  under  typical  conditions  for  F-actin 
binding,  put  a  limit  on  the  lowest  amount  of  F-actin  available  for 
measuring  the  affinity  of  His-cortactin.  The  possible  effect  of  the 
His  tag  was  ruled  out  by  comparing  His-cortactin  and  tag-free 
cortactin,  both  of  which  showed  identical  affinity  for  F-actin 
(Figure  3D)  and  actin  assembly  (results  not  shown).  Thus,  in  spite 
of  the  lack  of  a  fourth  repeat,  HSl  is  an  F-actin-binding  protein 
but  with  modest  affinity  compared  with  cortactin. 

HSl  promotes  the  formation  of  a  branched  actin  network 

A  hallmark  of  the  actin  polymerization  initiated  by  Arp2/3 
complex  is  the  formation  of  characteristic  branched  actin  net¬ 
work,  an  activity  that  can  be  significantly  enhanced  by  cortactin 
•  [32].  To  examine  whether  HSl  has  a  similar  branching  activity  as 

cortactin,  actin  polymerization  was  initiated  by  adding  His-HSl, 
Arp2/3  complex  and  GST-VCA.  GST-VCA  was  included  in  this 
^  study  to  fully  activate  the  Arp2/3  complex  and  facilitate  the 
measurement  of  the  activity  of  HSl  for  actin  branching.  After 
either  10  min  or  1  h  of  initiation,  actin  was  labelled  with 
rhodamine-phalloidin  and  examined  by  fluorescence  microscopy. 
Although  many  branched  actin  filaments  in  the  presence  of 
Arp2/3  complex  and  GST-VCA  were  readily  detected  at  an  early 
time  (10  min;  Figure  4A,  panel  a),  longer  and  less-branched  actin 
filaments  became  dominant  after  1  h  incubation  (Figure  4A, 
panel  c),  presumably  due  to  a  debranching  process  followed  by 
an  annealing  reaction  [39].  Quantitative  analysis  based  on  the 
branch  density  also  indicated  that  about  two-thirds  of  the  actin 
filaments  formed  without  His-HSl  had  undergone  the  de¬ 
branching  process  after  1  h  (Figure  4B).  In  contrast,  the  presence 
of  His-HSl  yielded  short  and  highly  branched  actin  filaments 


with  a  density  1.8-fold  higher  than  that  formed  in  the  absence  of 
His-HSl  at  10  min  and  4-fold  higher  at  1  h  (Figure  4B). 

The  branching  activity  of  His-HSl  was  also  compared  with 
that  of  His-cortactin  at  different  concentrations  after  1  h  of 
actin  assembly.  While  the  maximal  actin  branch  density  induced 
by  His-HSl  appeared  to  be  lower  than  that  of  His-cortactin  by 
nearly  50%,  both  proteins  were  able  to  show  a  half-maximal 
stimulation  near  25  nM  and  reach  to  a  plateau  at  100  nM  (Figure 
4C). 

DISCUSSION 

The  data  presented  here  demonstrate  for  the  first  time  that  HSl, 
a  prominent  substrate  of  intracellular  protein  tyrosine  kinases  in 
haematopoietic  cells,  may  play  a  role  in  actin  polymerization  by 
its  direct  association  with  Arp2/3  complex,  the  primary  com¬ 
ponent  of  the  cellular  machinery  for  actin  assembly.  Recombinant 
HSl  is  able  to  bind  to  the  Arp2/3  complex,  and  promote 
Arp2/3-mediated  actin  assembly  and  actin  branching,  the  activity 
that  is  also  observed  with  cortactin,  the  only  protein  in  mam¬ 
malian  cells  that  shares  significant  sequence  identity  with  HSl. 
However,  the  in  vivo  function  of  HSl  and  cortactin  may  not 
be  necessarily  redundant  because  each  of  them  shows  a  very 
distinct  expression  pattern.  While  HSl  is  exclusively  expressed 
in  haematopoietic  cells,  cortactin  is  more  frequently  found  in 
adherent  types  of  cell.  In  addition,  HSl  displays  a  relatively 
lower  activity  for  the  stimulation  of  actin  nucleation  and  actin 
branching  compared  with  cortactin.  Such  modest  activity  of  HSl 
may  have  a  physiological  function  for  haematopoietic  cells, 
which  have  distinct  morphology  adapted  to  their  circulation  in 
blood  vessels  and  interaction  with  vascular  cells.  Indeed,  ex¬ 
pression  of  cortactin  in  bone  marrow  is  very  restricted  within 
limited  types  of  cell,  such  as  megakaryocytes  and  platelets,  which 
have  a  characteristically  large  volume  of  cytoplasm  and  are  ready 
to  challenge  stimuli  for  shape  changes  [28].  It  is  noteworthy  that 
the  WASP  family,  which  currently  includes  WASP,  N-WASP, 
WAVEl,  WAVE2  and  WAVE3,  also  shows  a  tissue-specific 
expression  pattern  for  each  of  its  members  [9,40].  While  WASP 
is  exclusively  expressed  in  haematopoietic  cells,  N-WASP  is 
mostly  found  in  a  variety  of  adherent  cells,  particularly  in  the 
brain.  In  addition,  each  WASP  member  activates  Arp2/3- 
dependent  actin  nucleation  with  differential  efficiencies,  with  the 
strongest  activity  found  with  N-WASP  [41,42].  Thus  it  seems 
that  haematopoietic  cells  encompass  a  unique  actin-polymeri- 
zation  system  that  involves  HSl,  WASP  and  the  Arp2/3  complex. 
Characterization  of  the  actin  network  assembled  by  these 
molecules  may  eventually  illustrate  a  unique  cytoskeleton  more 
suitable  for  haematopoietic  cells  that  circulate  in  the  blood. 

The  apparent  affinity  of  HSl  for  Arp2/3  complex  is  sig¬ 
nificantly  lower  than  that  of  GST-VCA,  as  analysed  in  the  absence 
of  actin.  Interestingly,  HSl  is  able  to  induce  half-maximal  stimu¬ 
lation  of  Arp2/3-dependent  actin  polymerization  and  actin 
branching  at  a  concentration  near  25  nM  (Figures  3C  and  4C). 
However,  the  affinity  of  HSl  for  Arp2/3,  as  determined  by  direct 
binding  assay,  was  near  900  nM  (Figure  2B).  This  apparent 
discrepancy  between  functional  and  binding  affinity  is  also 
observed  with  cortactin  (Figure  2B;  see  also  [31]).  One  plausible 
explanation  is  that  HSl  may  acquire  a  higher  affinity  for  Arp2/3 
complex  upon  actin  assembly.  Indeed,  a  dramatic  change  in  the 
configuration  of  Arp2/3  complex  induced  by  WASP-related 
peptides  has  been  postulated  based  on  structural  studies  [43,44]. 
Such  structural  changes  may  influence  the  interaction  between 
HSl  and  Arp2/3  complex.  Supporting  this  possibility  is  the 
observation  that  activated  Arp2/3  complex  is  integrated  with 
newly  assembled  F-actin  at  branched  points,  where  cortactin  and 
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WASP  are  apparently  involved  [31,32,45].  Alternatively,  F-actin, 
especially  newly  assembled  actin  filaments,  could  also  play  a  role 
in  the  regulation  of  the  interaction  between  HSl  and  Arp2/3 
complex.  Distinguishing  these  possibilities  will  require  further 
delineation  of  the  mechanism  for  actin  polymerization  and 
illustration  of  the  structure  of  branched  actin. 

In  addition  to  binding  to  Arp2/3  complex,  HSl  shows  a 
significant  affinity  for  F-actin  with  an  estimated  of  400  nM. 
Under  the  same  conditions,  we  measured  the  for  cortactin  to 
be  less  than  100  nM,  which  is  slightly  less  than  that  estimated  in 
previous  studies  [29,31].  This  apparent  discrepancy  might  be  due 
to  the  improved  methodology  used  in  the  current  study,  in  which 
a  low  concentration  (30  nM)  of  His-cortactin  and  freshly  pre¬ 
pared  F-actin  were  used.  It  has  been  reported  that  the  repeat 
domain  of  cortactin  is  responsible  for  F-actin  binding  [29], 
Particularly,  the  fourth  repeat  may  participate  in  a  direct 
interaction  with  F-actin  because  a  series  of  truncated  mutants 
lacking  this  repeat  failed  to  show  any  F-actin  binding  activity 
[33].  However,  HSl  contains  only  3,5  repeats  and  lacks  the  fourth 
repeat  found  in  cortactin.  Thus  binding  of  the  cortactin  family  to 
F-actin  seems  not  to  be  exclusively  dependent  on  the  existence  of 
a  particular  repeat.  It  is  more  likely  that  F-actin  binding  requires  a 
correct  configuration  of  the  repeat  domain  as  a  whole,  which 
may  be  determined  by  both  the  number  of  repeats  and  their 
positions  relative  to  F-actin  at  branching  sites.  Indeed,  the 
sequence  of  the  HSl /cortactin  repeat  unit  is  extremely  conserved 
(Figure  1C).  It  is  also  possible  that  sequence  elements  other  than 
the  repeat  domain  of  HSl  may  also  contribute  to  its  F-actin 
binding  activity.  It  is  worth  noting  that  the  sequence  that  lies 
between  the  repeat  and  the  SH3  domain  of  HSl  is  much  less 
conserved  and  shares  only  25  %  identity  with  that  of  cortactin. 
This  may  reflect  a  different  mechanism  for  the  regulation  of  each 
protein  in  vivo  and  may  impose  different  restrictions  on  their 
overall  configurations  as  well. 
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The  WASP  and  cortactin  families  constitute  two  dis¬ 
tinct  classes  of  Arp2/3  modulators  in  mammalian  cells. 
Physical  and  functional  interactions  among  the  Arp2/3 
complex,  VGA  (a  functional  domain  of  N-WASP),  and 
cortactin  were  examined  under  conditions  that  were 
with  or  without  actin  polymerization.  In  the  absence  of 
actin,  cortactin  binds  significantly  weaker  to  the  Arp2/3 
complex  than  VGA.  At  concentrations  of  VGA  20-fold 
lower  than  cortactin,  the  association  of  cortactin  with 
the  Arp2/3  complex  was  nearly  abolished.  Analysis  of  the 
cells  infected  with  Shigella  demonstrated  that  N-WASP 
located  at  the  tip  of  the  bacterium,  whereas  cortactin 
accumulated  in  the  comet  tail.  Interestingly,  cortactin 
promotes  Arp2/3  complex-mediated  actin  polymeriza¬ 
tion  and  actin  branching  in  the  presence  of  VGA  at  a 
saturating  concentration,  and  cortactin  acquired  20  um 
affinity  for  the  Arp2/3  complex  during  actin  polymeriza¬ 
tion.  The  interaction  of  VGA  with  the  Arp2/3  complex 
was  reduced  in  the  presence  of  both  cortactin  and  actin. 
Moreover,  VGA  reduced  its  affinity  for  Arp2/3  complex 
at  branching  sites  that  were  stabilized  by  phalloidin. 
These  data  imply  a  novel  mechanism  for  the  de  novo 
assembly  of  a  branched  actin  network  that  involves  a 
coordinated  sequential  interaction  of  N-WASP  and  cor¬ 
tactin  with  the  Arp2/3  complex. 


Dynamic  cortical  actin  assembly  is  intimately  associated 
with  membrane  protrusions,  cell  crawling,  phagocytosis,  and 
intracellular  vesicle  trafficking.  While  assembly  of  actin  bun¬ 
dles  or  cables  requires  formin-like  proteins  (1,  2),  de  novo  actin 
polymerization  in  the  cell  cortex  occurs  primarily  as  the  result 
of  the  function  of  actin-related  proteins  2  and  3  (Arp2/3),^ 
which  form  a  stable  protein  complex  with  five  other  unique 
proteins  (3-5).  The  Arp2/3  complex  serves  as  a  nucleation  site 
for  actin  elongation,  a  major  rate-limiting  step  in  actin  assem- 
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bly  (6-8),  and  forms  distinct  Y-shaped  actin  branches  (9,  10). 
Branched  actin  network  is  a  characteristic  of  cortical  actin 
filaments  found  in  cell  leading  edges  such  as  lamellipodium, 
membrane  ruffles,  and  membrane  vesicles  (11,  12).  The  forma¬ 
tion  of  branched  actin  filaments  is  presumably  the  result  of 
actin  assembly  at  an  Arp2/3  complex  that  binds  to  an  existing 
actin  filament  (9,  13).  However,  the  intrinsic  actin  nucleation 
activity  of  Arp2/3  complex  is  normally  weak  (9)  and  requires 
activation  by  binding  to  other  cellular  factors  (6—8). 

All  Arp2/3  activators  have  been  reported  to  bind  to  actin  as 
well.  The  Arp2/3  activators  can  be  categorized  into  two  distinct 
classes  based  on  their  actin  binding  properties.  Members  of  the 
first  group  bind  to  the  monomeric  form  of  actin  (G-actin),  and 
include  the  WASP  family  proteins  (WASP,  Ref,  14;  N-WASP, 
Refs.  15  and  16;  and  SCAR/WAVE,  Refs.  17  and  18  in  metazo¬ 
ans;  Las  17  in  yeast,  Ref.  19),  and  ActA  in  Listeria  (20).  These 
proteins  are  able  to  activate  the  Arp2/3  complex  by  recruiting 
G-actin  to  the  proximity  of  Arp2  and  Arp3  subunits,  resulting 
in  a  heterogeneous  nucleation  site  for  actin  assembly  (7).  Mem¬ 
bers  of  the  second  group  bind  to  filamentous  actin  (F-actin), 
and  include  the  cortactin  family  proteins  (cortactin.  Refs.  21 
and  22  and  HSl,  Ref.  23)  in  metazoans,  and  myosins-I  (24-26) 
and  Abpl  (27)  in  yeast.  The  ability  of  these  proteins  to  promote 
actin  assembly,  however,  appears  to  be  modest  compared  with 
the  WASP-related  proteins,  and  the  significance  of  such  modest 
activations  remains  unclear. 

Cortactin  contains  an  N-terminal  acidic  domain  that  binds  to 
the  Arp2/3  complex  and  a  central  repeat  domain  consisting  of 
6,5  tandem  repeats  of  unique  37  amino  acids  that  binds  to 
F-actin  (21,  28,  29).  Its  C-terminal  region  contains  a  Src  ho¬ 
mology  3  (SH3)  domain  that  associates  with  a  variety  of  cellu¬ 
lar  proteins  including  CortBPl  (30),  CBP90  (31),  ZO-1  (32),  and 
dynamin-2  (33).  The  structure  of  cortactin  is  well  conserved  in 
higher  eukaryotes.  Cortactin-like  proteins  have  been  also 
found  in  sea  urchin,  sponge,  fhiit  fly,  frog,  chicken  (35),  mouse 
(36),  and  human  (37),  indicating  an  established  function  of 
cortactin  at  a  very  early  stage  of  evolution.  In  contrast,  no 
myosin  I-  or  Abp  1-like  proteins  that  contain  the  acidic  motif 
required  for  Arp2/3  binding  have  been  found  in  mammalian 
cells  (38).  The  only  cortactin-related  protein  is  HSl,  a  hemato¬ 
poietic  cell-specific  protein,  which  also  contains  a  similar  N- 
terminal  region,  the  repeat,  and  the  C-terminal  SH3  domains. 
The  major  difference  between  HSl  and  cortactin  is  that  HSl 
^has  only  3.5  tandem  repeats  (23,  34). 

While  WASP  proteins  potentiate  strongly  the  actin  nucle¬ 
ation  activity  of  the  Arp2/3  complex,  the  branched  filaments 
formed  by  WASP  and  the  Arp2/3  complex  are  unstable  and 
quickly  undergo  debranching  by  a  mechanism  that  is  still  not 
clear  (10,  39,  40).  On  the  other  hand,  cortactin  has  a  modest 
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activity  for  actin  nucleation,  but  promotes  significantly  the 
formation  of  stable  actin  branches  (22,  23).  Despite  these  dif¬ 
ferences,  WASP  and  cortactin  bind  to  the  Arp2/3  complex 
through  a  similar  structural  domain  consisting  of  multiple 
acidic  residues  and  a  single  tryptophan  (7,  21).  A  recent  study 
has  reported  that  although  both  N-WASP  and  cortactin  bind  to 
the  Arp3  subunit  of  the  Arp 2/3  complex  (41),  N-WASP  binds  to 
Arp2  and  p41  subunits  as  well  (41,  42).  Interestingly,  a  cortac¬ 
tin  fragment  containing  only  the  Arp2/3  binding  domain  com¬ 
petes  poorly  with  N-WASP  for  the  Arp2/3  complex  even  at  a 
concentration  1000-fold  higher  than  N-WASP  (21,  41).  Based 
on  this  finding,  it  has  been  suggested  that  a  ternary  complex  of 
N-WASP,  cortactin,  and  Arp2/3  might  exist  in  the  presence  of 
excess  amounts  of  cortactin,  and  the  activities  of  WASP  and 
cortactin  might  be  synergistic  for  actin  assembly  under  this 
condition  (41).  Indeed,  both  proteins  have  been  implicated  in 
the  same  actin-dependent  cellular  processes  such  as  membrane 
ruffling  (33,  43),  podosome  dynamics  (35,  44),  vesicle  propul¬ 
sion  (45,  46),  and  actin  comet  tail  formation  by  infectious 
agents  (16,  47-49).  However,  there  is  evidence  suggesting  that 
cortactin  may  interact  with  the  Arp2/3  complex  in  a  mechanism 
distinct  from  N-WASP.  For  example,  both  cortactin  and  N- 
WASP  are  abundant  proteins,  and  their  cellular  concentrations 
are  in  micromolar  ranges  (21,  50).  It  is  also  known  that  the 
majority  of  cortactin  proteins  are  intimately  associated  with 
the  Arp2/3  complex  within  cells  (21).  Thus,  the  precise  role  of 
cortactin  and  N-WASP  and  the  nature  of  their  functional  rela¬ 
tionship  in  actin  assembly  remain  to  be  defined. 

Here,  we  report  that  although  the  affinity  of  VGA,  a  consti- 
tutively  active  N-WASP  peptide,  for  the  Arp2/3  complex  is 
much  higher  than  that  of  cortactin  in  the  absence  of  actin,  such 
affinity  is  significantly  reduced  once  actin  polymerization  is 
initiated.  The  release  of  VGA  from  the  Arp2/3  complex  is  fur¬ 
ther  promoted  by  the  presence  of  cortactin,  which  apparently 
has  increased  its  affinity  for  the  activated  Arp2/3  complex.  Our 
data  suggest  that  while  N-WASP  interacts  primarily  with  the 
free  form  of  the  Arp2/3  complex,  the  more  likely  target  for 
cortactin  is  the  complex  of  Arp2/3  and  F-actin  at  a  branching 
site.  Thus,  we  propose  that  the  rapid  formation  of  actin  fila¬ 
ments  requires  a  sequential  event  involving  an  initial  activa¬ 
tion  of  the  Arp2/3  complex  by  N-WASP  and  a  subsequent  in¬ 
teraction  between  activated  Arp2/3  complex  and  cortactin  at 
the  branching  point. 

EXPERIMENTAL  PROCEDURES 

Proteins — Murine  cortactin  tagged  with  6X  His  at  its  C  terminus  was 
expressed  in  Escherichia  coli  and  purified  as  described  previously  (21). 
Human  N-WASP-derived  VGA  peptide  tagged  by  GST  was  expressed 
and  purified  from  E.  coli  as  described  (16)  and  further  purified  by  Mono 
Q  chromatography.  For  some  experiments,  GST-VCA  was  digested  with 
thrombin  at  room  temperature  overnight,  and  the  released  tag-free 
VGA  was  further  purified  by  Mono  Q  chromatography.  GST-cort-(l- 
80),  comprising  the  acidic  domain  and  a  region  before  the  central  repeat 
domain,  and  GrST-cort-(l-375),  containing  both  the  acidic  and  the  re¬ 
peat  domains,  were  expressed  in  E.  coli  and  prepared  as  described  (21). 
Bovine  Arp2/3  complex  was  purified  by  a  three-step  procedure  involving 
Q  Sepharose  ion-exchange,  GST-VGA  affinity  chromatography  and  ad¬ 
ditional  Q  Sepharose  chromatography  (23).  The  protein  in  the  flow¬ 
through  fraction  of  the  final  Q  Sepharose  was  concentrated  by  a  Gen- 
tricon  30  (Amicon),  and  the  buffer  of  the  sample  was  changed  to  lx 
Ga^^-free  pol3nnerization  buffer  (50  mM  KGl,  2  mM  MgGlg,  1  mM  EGTA, 
0.25  mM  ATP,  10  mM  imidazole,  pH  7.3,  3  mM  NaNg,  and  0.5  mM 
dithiothreitol).  Protein  concentration  was  determined  by  the  Bradford 
method  using  BSA  as  the  standard. 

GST  Pull-down  Assay — To  measure  the  effect  of  VGA  on  the  binding 
of  cortactin  to  the  Arp2/3  complex,  10  nM  Arp2/3  complex  was  mixed 
with  GST-cort-(l-80)  or  GST-cort-(l-375),  and  untagged  VGA  at  dif¬ 
ferent  concentrations  in  a  total  200-jLil  volume  of  Ix  polymerization 
buffer.  After  a  15-min  incubation  at  22  °G,  the  reaction  mixture  was 
supplemented  with  BSA  (1  mg/ml)  and  transferred  to  a  1.5-ml  vial 
containing  20  /Ltl  of  glutathione-Sepharose  beads,  and  then  incubated 


for  30  min  with  gentle  rotation.  The  beads  were  pelleted  by  centrifuga¬ 
tion  at  300  X  g  for  1  min  and  subsequently  subjected  to  SDS-PAGE 
followed  by  immunoblotting  using  anti-Arp3  polyclonal  antibody  (21). 
The  blot  was  digitalized  by  film  scanning  and  quantified  by  Scion  Image 
software.  The  result  was  normalized  based  on  five  control  samples  of 
the  Arp2/3  complex  with  different  amounts  on  the  same  gel. 

To  measure  the  binding  of  VGA  to  the  Arp2/3  complex  during  actin 
assembly,  polymerization  of  1.5  /xM  actin  was  initiated  in  the  presence 
of  10  nM  Arp2/3  complex,  100  nM  GST-VGA,  and  cortactin  at  concen¬ 
trations  from  0  to  400  nM  in  200  /xl  of  IX  polymerization  buffer  for  30 
<min.  The  reaction  mixture  was  then  supplemented  with  BSA  (1  mg/ml), 
and  mixed  with  20  jitl  of  glutathione-Sepharose  beads,  and  incubated  for 
30  min  with  gentle  rotation.  The  beads  were  sedimented  at  300  X  g  for 

1  min,  and  the  supernatant  was  transferred  to  a  new  1.5-ml  tube.  50  p,l 
of  the  supernatant  was  mixed  with  an  equal  volume  of  2X  SDS  sample 
buffer  and  boiled  for  5  min.  16  /xl  of  the  sample  was  subjected  to 
SDS-PAGE  (12%)  followed  by  transferring  to  a  nitrocellulose  mem¬ 
brane.  Arp2/3  complex  was  detected  by  immunoblot  analysis  using  Arp3 
antibody. 

Actin  Polymerization — Polymerization  of  G-actin  (10%  pyrene-la¬ 
beled,  rabbit  skeletal  muscle  actin  from  Gytoskeleton  Inc.)  was  per¬ 
formed  as  described  previously  (21)  with  a  modification.  Briefly,  Ga^^- 
ATP-G-actin  in  G-actin  buffer  (5  mM  Tris-HGl,  pH  8.0,  0.2  him  GaGla, 
0.2  mM  ATP,  and  0.5  mM  DTT)  was  mixed  with  one-tenth  volume  of  10  x 
exchange  buffer  (2  mM  EGTA,  1  mM  MgGl2)  for  3  min  at  22  °G  to  convert 
to  Mg^’^-ATP-G-actin.  Polymerization  was  initiated  by  adding  60  /xl  of 
Mg^'^-ATP-G-actin  (7.5  /xm)  to  240  /xl  of  1.25  X  polymerization  buffer 
(62.5  mM  KGl,  2.5  mM  MgGlg,  12.5  mM  imidazole,  pH  7.3,  1.25  mM 
EGTA,  0.125  mM  GaGla,  0.625  mM  DTT,  0.3125  mM  ATP,  and  3.75  mM 
NaNg)  containing  Arp2/3  complex,  GST-VGA,  and  cortactin  at  concen¬ 
trations  as  indicated.  The  kinetics  of  actin  polymerization  was  moni¬ 
tored  by  measuring  the  increase  in  pyrene  fluorescence  detected  by  an 
LS50B  spectrophotometer  (PerkinElmer  Life  Sciences)  with  filters  for 
excitation  at  365  nm  and  emission  at  407  nm. 

Fluorescence  Microscopy  Analysis  of  Branched  Actin  Filaments — ^The 
analysis  was  carried  out  essentially  as  described  previously  (10,  13). 
The  specific  conditions  of  actin  polymerization  for  each  experiment 
were  described  in  the  corresponding  legends.  Rhodamine-phalloidin 
(Molecular  Probes)  was  added  at  the  times  indicated  to  actin  pol3nner- 
ization  reactions  at  a  molar  concentration  equivalent  to  actin.  After  5 
min  of  incubation,  the  mixture  was  diluted  400-fold  in  fresh  fluores¬ 
cence  buffer  (100  mM  KGl,  1  mM  MgGl2, 100  mM  DTT,  10  mM  imidazole, 
pH  7.3,  0.5%  methylcellulose,  20  /xg/ml  catalase,  100  /xg/ml  glucose 
oxidase,  and  3  mg/ml  glucose).  The  diluted  samples  (2.4  /xl)  were  ap¬ 
plied  onto  cover  slips  precoated  with  0.1%  nitrocellulose  in  7i-amyl 
acetate,  and  examined  under  an  Olympus  IX-70  inverted  microscope 
using  a  XlOO  objective  lens  with  numerical  aperture  (NA)  of  1.35. 
Images  were  captured  by  a  charge-coupled  device  camera,  and  further 
processed  on  Adobe  Photoshop  to  generate  monochromatic  images.  The 
length  of  filaments  and  the  number  of  branch  points  were  measured  by 
Scion  Image  software,  and  the  degree  of  branching  was  calculated  as 
the  number  of  branches  per  micrometer  of  filament. 

Immunofluorescence  Analysis  of  Shigella-infected  MDA-MB-231 
Cells — Breast  cancer  MDA-MB-231  epithelial  cells  expressing  GFP  (en¬ 
hanced  green  fluorescent  protein)  alone,  GFP-N-WASP,  or  cortactin- 
GFP  were  prepared  by  retrovirus-mediated  gene  transfer  according  to 
the  protocol  described  previously  (51).  Infection  with  Shigella  flexneri 
M90T  strain  (a  kind  gift  of  G.  Egile)  was  carried  out  according  to  the 
method  described  (52).  Briefly,  overnight  culture  of  the  bacteria  was 
diluted  in  tr3q)ticase  soy  broth  (BD  Biosciences)  at  1:100  and  grown  for 

2  h  at  37  °G  to  an  ODgoo  =  0.2-0.3.  Bacteria  (100  bacteria/1  cell)  were 
centrifuged  at  3200  rpm  for  4  min,  rinsed  twice  with  the  cell  growth 
medium  (Dulbecco’s  modified  Eagle’s  medium  supplemented  with  10% 
fetal  bovine  serum),  and  resuspended  with  the  growth  medium  (2  ml/ 
well).  Gells,  seeded  on  fibronectin-coated  cover  slips  in  a  6-well  plate  a 
day  before  infection,  were  washed  once  with  the  growth  medium,  over¬ 
laid  with  the  bacterial  suspension,  and  centrifuged  at  2000  rpm  for  10 
min  at  20  °G.  Gells  were  incubated  for  1  h  at  37  °G  to  allow  bacterial 
entry,  then  washed  three  times  with  the  growth  medium,  and  incubated 
in  the  medium  containing  50  jxg/ml  of  gentamicin  for  an  additional  1-2 
h  at  37  °G  before  inspection. 

Gells  were  fixed  for  20  min  in  PBS  containing  3.7%  paraformalde¬ 
hyde,  incubated  for  10  min  in  PBS-50  mM  NH4GI  twice  to  quench  the 
fixative,  and  permeabilized  in  PBS  containing  0.5%  Triton  X-100  for  10 
min.  The  cells  were  blocked  for  1  h  with  PBS  containing  2%  BSA, 
incubated  with  anti-GFP  polyclonal  antibody  (Molecular  Probes,  1:100), 
and  anti-cortactin  antibody  (4F11;  Upstate  Biotechnology  Inc.,  1:100) 
for  1  h  in  PBS  containing  0.2%  BSA.  After  three  washes  with  PBS,  the 
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Fig.  1.  VCA  inhibits  the  association  of  the  Arp2/3  complex  with 
cortactin  in  the  absence  of  actin.  GST-cort-(  1-375)  at  a  final  con¬ 
centration  of  1.5  pLM  {filled  circles)  or  5  /uiM  {open  circles),  or  10 
GST-cort-{l-80)  {filled  squares)  was  incubated  with  10  nM  Arp2/3  com¬ 
plex  in  the  absence  or  presence  of  VCA  at  the  indicated  concentrations 
in  lx  polymerization  buffer  (50  mM  KCl,  2  mM  MgClg,  10  mM  imidazole, 
pH  7.3,  1  mM  EGTA,  0.1  mM  CaClg,  0.5  mM  DTT,  0.25  mM  ATP,  and  3 
mM  NaNg).  After  incubation  for  15  min  at  22  “C,  the  reaction  mixture 
was  supplemented  with  1  mg/ml  BSA,  and  GST-cortactin  proteins  and 
associated  fractions  were  recovered  by  incubating  with  glutathione- 
Sepharose  beads  for  30  min  followed  by  brief  centrifugation.  The  pres¬ 
ence  of  Arp2/3  complex  in  the  beads  fraction  was  detected  by  immuno- 
blotting  using  anti-Arp3  antibody.  The  bands  corresponding  to  Arp3 
were  digitalized  by  film  scanning,  and  the  density  of  each  band  was 
quantified  by  Scion  Image  software  and  normalized  based  on  Arp2/3 
complex  samples  of  five  different  concentrations  loaded  on  the  same  gel. 
The  percentage  of  the  normalized  values  for  each  sample  in  relation  to 
the  total  amount  of  Arp2/3  in  the  reaction  was  plotted  as  a  function  of 
VCA  concentration. 

cells  were  further  incubated  with  FITC -labeled  anti-rabbit  IgG  anti¬ 
body  (1:50)  and  rhodamine-labeled  anti-mouse  IgG  antibody  (1:50)  in 
PBS  containing  0.2%  BSA  for  1  h.  The  cells  were  then  incubated  with 
diamidine-2-phenyl  indole  (DAPI)  (10  pg/ml)  for  5  min  and  washed 
three  times  with  PBS.  The  stained  cover  slips  were  mounted  on  a  glass 
slide  with  20  pi  of  Prolong  Antifade  preservative  (Molecular  Probes) 
and  sealed  with  nail  polish.  The  cells  were  examined  under  an  Olympus 
IX-70  inverted  microscope  using  a  X60,  NA  =  1,25  objective  lens. 

RESULTS 

AT- WASP- VCA  Inhibits  the  Association  of  Cortactin  with 
Arp2l3  Complex  in  the  Absence  of  Actin — In  an  effort  to  under¬ 
stand  the  relationship  of  N-WASP  and  cortactin  during  actin 
assembly,  we  examined  whether  the  two  types  of  Arp2/3  acti¬ 
vators  could  bind  simultaneously  to  the  Arp2/3  complex.  As  a 
result,  the  interaction  of  cortactin  and  Arp2/3  complex  was 
exeimined  in  the  presence  of  a  VCA  peptide  derived  from  hu¬ 
man  N-WASP  (16)  by  pull-down  analysis  with  murine  cortactin 
recombinant  proteins  GST-cort-(l-80)  and  GST-cort-(l“375), 
both  of  which  have  a  similar  affinity  for  the  Arp2/3  complex 
with  a  of  about  1  /xm  (21).  As  shown  in  Fig.  1,  GST-cort-(l- 
375)  was  able  to  pull-down  41%  of  10  nM  Arp2/3  complex  at  1.5 
/xM,  and  52%  at  5  in  the  absence  of  VCA.  However,  this 
ability  to  pull-down  the  Arp2/3  complex  was  dramatically  in¬ 
hibited  by  VCA  in  a  dose-dependent  manner  and  nearly  abol¬ 
ished  by  VCA  at  concentrations  significantly  lower  than  GST- 
cort-(l-375).  (200  nM  VCA  abolished  the  association  of  Arp2/3 
complex  with  1.5  pM  cortactin  protein,  and  600  nM  VCA  abol¬ 
ished  that  with  5  /xM  cortactin.)  Binding  of  GST-cort-(l-80)  to 
the  Arp2/3  complex  was  also  inhibited  by  VCA  in  a  similar 
manner  (Fig.  1).  With  either  of  the  cortactin  proteins,  VCA 
inhibited  50%  of  cortactin  binding  to  the  Arp2/3  complex  at  —50 
nM.  This  result  is  consistent  with  the  previously  reported  rel¬ 
ative  affinities  of  VCA  and  cortactin  for  the  Arp2/3  complex: 


VCA  has  a  value  from  0.1  to  0.2  /xm  (16,  21,  23),  and 
cortactin  has  a  from  0.7  to  1.3  /xm  (21,  23,  29,  41).  Our 
finding  also  agrees  with  a  recent  report  showing  that  a  similar 
cortactin  peptide  encoding  the  N-terminal  region  (1-80)  com¬ 
peted  poorly  with  VCA  in  GST  pull-down  assays  (41). 

Cortactin  and  N-WASP  Localize  in  Distinct  Areas  in  the 
Comet  Tail  Induced  by  S.  flexneri — The  above  data  suggest  that 
binding  of  cortactin  and  VCA  to  Arp2/3  complex  is  mutually 
exclusive,  making  it  less  likely  that  they  form  a  ternary  com¬ 
plex  with  the  Arp2/3  complex  as  previously  suggested  (41).  To 
further  confirm  this  notion,  we  examined  the  distribution  of 
cortactin  and  N-WASP  in  the  actin  comet  tail  formed  by  the 
infectious  agent  S,  flexneri  in  the  cytoplasm  of  epithelial  cells 
expressing  human  N-WASP  fused  with  GFP  (GFP-N-WASP).  It 
has  been  shown  that  Shigella  protein  IcsA  at  the  bacterial 
surface  is  able  to  interact  with  and  activate  N-WASP,  which  in 
turn  activates  Arp2/3  complex-mediated  actin  assembly  to  in¬ 
duce  comet  tails  (16),  The  bacteria  were  stained  with  DAPI,  a 
DNA  binding  dye  (blue);  and  GFP-N-WASP  and  cortactin  were 
stained  with  anti-GFP  (green)  and  cortactin  (red)  antibodies, 
respectively.  Although  both  GFP-N-WASP  and  cortactin  were 
found  in  the  comet  tails,  two  proteins  displayed  distinct  local¬ 
ization  profiles  in  relation  to  bacteria  (Fig.  2).  N-WASP  was 
predominantly  localized  at  either  one  or  both  polar  ends  of  the 
bacterial  surface  (Fig.  2,  arrowheads).  This  observation  is  con¬ 
sistent  with  previous  reports  (16, 48).  In  contrast,  cortactin  was 
primarily  associated  with  the  entire  tail  (Fig.  2,  arrows),  where 
Arp2/3  complex  is  known  to  be  abundant  (16).  Colocalization  of 
GFP-N-WASP  and  cortactin  was  found,  if  any,  only  in  a  narrow 
region  where  the  bacterial  head  and  comet  tail  meet.  Thus,  it 
appears  that  N-WASP  is  closely  associated  with  the  initiation 
site  for  actin  assembly  while  cortactin  is  stably  associated  with 
Arp2/3  complex  and  the  more  established  actin  network.  Sim¬ 
ilar  distribution  pattern  of  the  two  proteins  was  also  reported 
for  the  actin  comet  tail  induced  by  vaccinia  virus  (53). 

Cortactin  Is  Able  to  Promote  Actin  Polymerization  in  the 
Presence  of  VCA  at  Saturating  Concentrations — To  further  ex¬ 
plore  the  specific  role  of  VCA  and  cortactin  in  actin  polymeri¬ 
zation  mediated  by  the  Arp2/3  complex,  we  examined  Arp2/3 
complex-mediated  actin  assembly  in  the  presence  of  both  cor¬ 
tactin  and  GST- VC  A.  At  low  concentrations  of  the  Arp2/3  com¬ 
plex  (~10  nM),  which  showed  very  little  intrinsic  nucleation 
activity,  cortactin  had  no  significant  effect  on  the  activation  of 
the  complex  even  at  500  nM  until  GST- VCA  was  added  (data 
not  shown),  suggesting  a  synergistic  function  between  cortactin 
and  VCA  (21,  22).  To  understand  better  the  nature  of  this 
synergistic  function,  we  analyzed  the  ability  of  cortactin  to 
promote  actin  polymerization  in  the  presence  of  1  pM  GST- 
VCA.  Since  GST-VCA  has  a  100  nM  affinity  for  the  Arp2/3 
complex,  and  1  jlxm  VCA  was  able  to  abolish  binding  of  10  pM 
cortactin  to  the  Arp2/3  complex  (Fig.  1),  it  was  assumed  that  1 
pM  GST-VCA  would  have  saturated  the  binding  sites  on  8  nM 
Arp2/3  complex  available  for  cortactin.  Surprisingly,  under  this 
condition  cortactin  was  still  able  to  provoke  a  strong  actin 
assembly  even  at  concentrations  as  low  as  5  nM  (Fig.  3A).  A 
dose  dependence  analysis  with  various  concentrations  of  GST- 
VCA  further  demonstrated  that  cortactin  induces  consistently 
a  half-maximal  stimulation  at  ~20  nM  (Fig.  35  and  Refs.  21 
and  23),  indicating  that  this  value  reflects  a  biochemical  prop¬ 
erty  of  cortactin  independent  of  GST-VCA.  The  similar  result 
was  also  obtained  with  untagged  VCA  (data  not  shown).  There¬ 
fore,  it  appears  that  cortactin  promotes  actin  polymerization  in 
a  unique  mechanism  that  apparently  requires  neither  the  for¬ 
mation  of  a  complex  with  N-WASP  nor  a  competition  with 
N-WASP  for  Arp2/3  binding.  Previous  studies  have  demon¬ 
strated  that  cortactin  stimulates  actin  pol3merization  in  a 
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Fig.  2.  Distinct  localization  of  N-WASP  and  cortactin  in  the  comet  tails  induced  by  S.  flexneri.  MDA-MB-231  epithelial  cells  expressing 
GFP-N-WASP  were  infected  with  S.  flexneri  M90T  strain,  and  the  localization  of  GFP-N-WASP  (green)  and  cortactin  (red)  in  the  comet  tail  induced 
by  the  bacteria  was  analyzed  by  immunofluorescent  staining  using  anti-GFP  and  anti- cortactin  antibodies,  respectively.  Host  and  bacterial  nuclei 
(blue)  were  stained  with  DAPI.  Panels  A  to  C  show  examples  of  GFP-N-WASP  (arrowheads)  associated  at  both  ends  of  a  bacterium  with  either  a 
double  or  a  single  cortactin  tail  (arrows).  Panels  D  and  E  show  examples  of  GFP-N-WASP  (green,  arrowheads)  found  at  the  posterior  tip  of  a 
bacterium  with  a  single  cortactin  tail  (red,  arrow). 

A  B 


•  GST-VCA  (1  ^M)  +  Arp2/3  (8  nM)  +  cortactin  (100  nM) 

O  GST-VCA  (1  mM)  +  Arp2/3  (8  nM)  +  cortactin  (5  nM) 

A  GST-VCA  (1  ^M)  +  Arp2/3  (8  nM) 

A  GST-VCA  (1  mM) 

Fig.  3.  Cortactin  stimulates  actin  nucleation  by  the  Arp2/3  complex  in  the  presence  of  GST-VCA  at  a  saturating  concentration.  A, 

kinetics  of  actin  polymerization  in  the  presence  of  1  /xM  GST-VCA.  Polymerization  of  1.5  /xM  pyrene-labeled  actin  was  recorded  over  time  in  the 
presence  of  1  ;xm  GST-VCA  with  or  without  8  nM  Arp2/3  complex  and  cortactin  at  0, 5,  or  100  nM,  respectively.  B,  dose  dependence  of  the  stimulation 
of  VCA-Arp2/3  complex-mediated  actin  polymerization  by  cortactin.  Actin  polymerization  was  performed  under  the  same  condition  as  described  for 
Ay  except  a  broader  range  (from  1  to  500  nM)  of  cortactin  concentrations  was  used.  The  time  required  to  reach  half-maximal  pol3rmerization  (^i^) 
was  calculated  from  each  polymerization  curve  and  is  presented  as  a  function  of  cortactin  concentration. 


Arp2/3  binding-dependent  manner  (21,  22),  indicting  that  20 
nM  concentration  for  a  half-maximum  stimulation  likely  re¬ 
flects  the  affinity  of  cortactin  for  the  Arp2/3  complex  during 
actin  assembly. 

Cortactin  Induces  the  Release  of  VGA  from  the  Arp2l3  Com¬ 
plex  through  the  Formation  of  Branched  Actin  Filaments — The 
above  observations  led  us  to  hypothesize  that  the  relative  af¬ 
finities  of  VGA  and  cortactin  for  the  Arp 2/3  complex  might  have 


been  changed  during  the  course  of  actin  polymerization.  To  test 
this  possibility,  we  first  examined  the  interaction  of  VGA  and 
the  Arp2/3  complex  by  pull-down  analysis  under  the  conditions 
where  actin  polymerization  was  involved.  Actin  polymerization 
was  initiated  in  the  presence  of  GST-VGA  and  the  Arp2/3 
complex  with  or  without  cortactin.  After  30  min  when  actin 
polymerization  was  completed,  the  reaction  mixture  was  incu¬ 
bated  with  glutathione  beads  to  pull-down  GST-VGA  and  the 
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Fig.  4.  Cortactin  induces  dissociation  of  Arp2/3  complex  from 
VCA  under  the  condition  for  actin  polymerization.  A,  analysis  of 
VGA-associated  Arp2/3  complex  during  actin  polymerization.  GST-VCA 
(100  nw)  and  Arp2/3  complex  (10  nM)  was  preincubated  with  or  without 
cortactin  at  the  indicated  concentrations  for  3  min.  G-actin  (1.5  ^u)  was 
added  to  the  mixture  to  initiate  actin  polymerization  in  a  final  volume 
of 200  fil  of  lx  polymerization  buffer  at  22  °C.  In  the  control  experiment 
(-actin),  the  G-actin  buffer  alone  was  added.  After  30  min  of  polymer¬ 
ization,  the  reaction  mixture  was  supplemented  with  BSA  (1  mg/ml) 
and  mixed  with  20  p-1  of  glutathione  beads.  The  beads  were  pelleted  by 
centrifugation.  The  supernatant  fractions  were  subjected  to  SDS-PAGE 
followed  by  immunoblotting  using  anti-Arp3  antibody.  The  bands  cor¬ 
responding  to  Arp3  were  digitalized  by  film  scanning.  Lane  I,  half  the 
amount  of  the  sample  on  lane  2;  lane  2,  0  nM  GST-VCA  and  cortactin; 
lane  3, 100  nM  GST-VCA,  0  nM  cortactin;  lanes  4-9,  100  nM  GST-VCA 
plus  10,  25,  50,  100,  200,  and  400  nM  cortactin,  respectively.  B,  the 
quantification  of  the  release  of  Arp2/3  complex  fi*om  VCA.  The  digi¬ 
talized  image  of  the  blot  as  shown  in  A  was  quantified  using  Scion 
Image.  The  Arp2/3  complex  associated  with  GST-VCA  was  estimated  by 
subtracting  that  in  the  supernatant  from  the  total  amount  in  the 
reaction  and  plotted  as  a  function  of  cortactin  concentration. 

associated  Arp2/3  complex.  The  Arp2/3  complex  remaining  in 
the  supernatant  was  analyzed  by  immunoblotting  of  the  Arp3 
subunit  (Fig.  4A).  In  the  absence  of  cortactin  GST-VCA  was 
able  to  pull-down  more  than  90%  of  the  Arp2/3  complex  with  or 
without  adding  actin  (Fig.  4A,  lane  3;  Fig.  45,  at  0  nM  cortac¬ 
tin).  In  the  presence  of  cortactin  and  actin,  the  ability  of  GST- 
VCA  to  pull-down  Arp2/3  was  altered.  Under  this  condition,  the 


A 


GST-VCA  (nM) 

•  cortactin  (50  nM) 
o  .  cortactin 

Fig.  5.  VCA  is  unable  to  inhibit  actin  branching  activity  of 
cortactin.  A,  actin  (1.5  /llm)  was  pol5nnerized  in  the  presence  of  100  nM 
GST-VCA  and  10  nM  Arp2/3  complex  with  (a  and  c)  or  without  (6  and  d) 
50  nM  cortactin  in  a  total  300-jLLl  volume  of  reaction.  After  15  min  of 
pol3nnerization,  45  jLtl  of  the  reaction  was  transferred  to  a  new  tube 
containing  either  5  p,l  of  Ix  polymerization  buffer  (a  and  b)  or  5  fil  of  10 
jllm  GST-VCA  (c  and  d,  the  final  concentration  was  1.1  /llm),  and  incu¬ 
bated  for  additional  45  min.  Actin  branching  was  then  examined  by 
fluorescence  microscopy.  Panels  e  and  f  are  the  samples  for  actin 
branching  at  3  min  after  polymerization  initiation  in  the  presence  (e)  or 
absence  if)  of  50  nM  cortactin.  Bar  in  panel  c  indicates  a  5-jLLm  length.  B, 
actin  polymerization  was  performed  as  above  and  GST-VCA  at  a  series 
of  concentrations  was  added  after  15  min  of  polymerization.  The  degree 
of  actin  branching  was  calculated  by  counting  the  number  of  branching 
points  firom  actin  filaments  of  200  /xm  or  longer  in  length  and  expressed 
as  branch  per  jxm  length  filament.  The  value  of  actin  branching  was 
then  plotted  as  a  function  of  GST-VCA  concentration. 

and  the  Arp 2/3  complex  and  GST-VCA  to  a  steady  state,  and 
additional  GST-VCA  was  added  afterward  to  the  reaction  to 
compete  for  Arp2/3  binding.  The  actin  branching  was  then 

_ j  _ •j.-L  X* _ j  _ _ A.  nom 


Interaction  ofArp2l3  Complex  with  N-WASP  and  Cortactin 


26091 


A 


0  200 


3  3  60 


400  700  1100  2100  GST-VCA(nM) 

3  60  3  60  3  60  3  60  mfn 


phaljoidin  added  at  60  min 
-o-  phalioidin  added  at  3  mfn 


c 


phalioidin  added  at  60  mfn 
-o-  phalioidin  added  at  3  min 


Fig.  6.  GST-VCA  is  unable  to  associate  with  Arp2/3  complex  in 
branched  actin  filaments.  A,  effect  of  actin  branching  on  the  associ¬ 
ation  of  VGA  with  Arp2/3  complex.  GST-VCA  (100  nM)  and  Arp2/3 
complex  (10  nw)  were  preincubated  for  3  min  at  22  °C.  G-actin  (1.5  jitM) 
was  added  to  the  mixture  to  initiate  pol5nnerization  in  a  final  volume  of 
200  /xl  of  lx  polymerization  buffer.  After  3  or  60  min,  1.5  /jlM  phalioidin 
was  added  to  the  reaction,  incubated  for  3  min,  and  additional  GST- 
VCA  was  added  at  final  concentrations  of  200,  400,  700, 1100,  and  2100 
nM,  respectively.  The  amount  of  Arp2/3  complex  that  was  not  associated 
with  GST-VCA  was  determined  by  immunoblotting  of  Arp3  present  in 
the  supernatant  after  GST-VCA  precipitation.  By  quantification  of  the 
effect  of  actin  branching  on  the  association  of  Arp2/3  complex  with  VCA. 
Arp2/3  complex  association  as  analyzed  in  A  was  calculated  based  on 
the  difference  between  the  density  of  Arp3  band  in  the  supernatant  and 
that  in  the  control  sample  without  GST-VCA.  The  percentage  of  the 
association  was  estimated  by  comparison  to  that  in  the  control  sample 
and  further  plotted  as  a  function  of  the  concentration  of  GST-VCA.  C, 
effect  of  actin  branching  on  the  cortactin-mediated  inhibition  of  VCA 
binding  to  the  Arp2/3  complex.  Actin  polymerization  was  performed  as 
described  above.  After  3  or  60  min  of  initiation,  the  actin  filaments  were 
fixed  by  adding  1.5  juM  phalioidin  and  incubation  for  3  min.  Cortactin 
was  then  added  to  the  reaction  mixtures  at  the  indicated  concentra¬ 
tions.  After  an  additional  15  min  of  incubation,  the  reaction  mixtures 
were  subjected  to  GST-VCA  precipitation,  and  the  supernatants  were 
subjected  to  SDS-PAGE  followed  by  immunoblotting  using  anti-Arp3 
antibody.  The  amount  of  the  Arp2/3  complex  associated  with  GST-VCA 
was  estimated  as  described  above. 


replacing  cortactin  associated  with  Arp2/3  complex  on  the 
branched  actin  filaments  that  have  been  already  established. 

VCA  Reduces  Its  Affinity  for  the  Arp2l3  Complex  at  Branched 
Actin  Filaments — Cortactin  inhibited  maximally  only  50%  of 
the  binding  of  the  Arp2/3  complex  to  GST-VCA  (Fig.  4).  The 
remaining  bound  Arp2/3  complex  could  be  in  the  F-actin-free 
form  to  which  cortactin  binds  weakly  compared  with  GST-VCA. 
These  Arp2/3  complexes  in  the  free  form  might  be  either  re¬ 
leased  from  F-actin  as  a  result  of  a  debranching  process  (54)  or 
those  that  did  not  participate  in  actin  nucleation.  To  verify  that 
VCA  may  only  bind  to  the  fi^ee  form  of  Arp2/3  complex  and  may 
acquire  a  relatively  lower  affinity  than  cortactin  for  Arp2/3 
complex  once  it  is  associated  with  F-actin,  we  examined  the 
interaction  of  GST-VCA  with  the  Arp2/3  complex  at  branched 
actins  in  the  absence  of  cortactin.  Previous  studies  have  shown 
that  branched  actin  filaments  initiated  by  the  Arp2/3  complex 
can  be  also  stabilized  by  fixation  with  phalioidin  (10, 54).  Thus, 
we  analyzed  the  interaction  of  VCA  with  the  Arp2/3  complex  in 
the  presence  of  phalioidin  that  was  added  at  either  3  or  60  min 
after  nucleation  of  actin  assembly.  Actin  filaments  formed  un¬ 
der  each  condition  displayed  different  degrees  of  actin  branch¬ 
ing.  At  3  min,  many  actin  filaments  remained  branched,  indi¬ 
cating  that  a  significant  portion  of  the  Arp2/3  complex  was  still 
at  actin  branches  (Fig.  ^A,  panel  /).  On  the  other  hand,  the  most 
branched  actin  filaments  had  imdergone  debranching  at  60 
min  (Fig.  5A,  panel  6),  and  the  majority  of  the  Arp2/3  complex 


was  assumed  to  be  in  the  free  form.  When  GST-VCA  was 
precipitated  from  the  actin  assembly  reaction  fixed  at  3  min 
with  glutathione  beads,  only  60%  of  the  Arp2/3  complex  was 
able  to  be  pulled  down  (Fig.  6,  A  and  B),  In  contrast,  nearly  90% 
of  the  Arp2/3  complex  was  pulled-down  by  GST-VCA  at  60  min. 
The  eflSciency  of  pull-down  at  60  min  was  the  same  as  that 
observed  without  phalioidin  and  cortactin  (Fig.  4)  where  most 
branched  actin  filaments  have  been  debranched.  Thus,  the 
ability  of  GST-VCA  to  interact  with  the  Arp2/3  complex  is 
apparently  inversely  correlated  with  the  degree  of  actin 
branching.  In  addition,  the  pull-down  of  the  Arp2/3  complex  by 
GST-VCA  reached  a  maximum  level  at  concentrations  as  low  as 
250  nM  (Fig.  6B)  at  either  3  or  60  min,  suggesting  that  the 
remaining  Arp2/3  complex,  which  was  likely  associated  with 
branched  F-actin,  was  unable  to  be  accessed  by  GST-VCA  even 
at  high  concentrations.  Indeed,  when  the  similar  assay  was 
performed  in  the  presence  of  cortactin  that  was  added  after 
phalioidin  fixation,  cortactin  was  no  longer  able  to  inhibit  the 
interaction  between  GST-VCA  and  the  Arp2/3  complex  (Fig. 
6C),  indicating  that  the  Arp2/3  complex  associated  with  GST- 
VCA  was  in  the  free  form  for  which  cortactin  had  a  much  lower 
affinity  than  VCA  (Fig.  1).  Taken  together,  these  results  sug¬ 
gest  that  VCA  had  reduced  its  affinity  for  the  Arp2/3  complex 
on  the  branched  F-actin. 


DISCUSSION 

In  this  study,  we  provide  evidence  for  dramatic  changes  in 
the  relative  affinities  of  N-WASP  and  cortactin  for  the  Arp2/3 
complex  during  the  course  of  actin  assembly.  Although  N- 
WASP  shows  predominance  for  the  free  form  of  the  Arp2/3 
complex,  it  appears  that  cortactin  has  a  much  higher  affinity 
for  the  Arp2/3  complex  once  it  is  incorporated  into  actin  fila¬ 
ments.  First,  cortactin  promotes  significantly  Arp2/3-mediated 
actin  nucleation  even  in  the  presence  of  VCA  at  a  concentration 
200-fold  higher  than  cortactin  that  would  have  occupied  all  the 
binding  sites  of  the  Arp2/3  complex  for  cortactin.  Based  on  the 
analysis  of  actin  nucleation  and  actin  branching  (21,  23)  (also 
in  this  study),  we  estimated  the  affinity  of  cortactin  for  the 
Arp2/3  complex  at  ^^20  nM,  which  is  significantly  lower  than 
0.7-1. 3  fiM  for  the  firee  form  of  Arp2/3  as  reported  previously 
(21,  23,  29,  41).  Second,  the  interaction  between  VCA  and  the 
Arp2/3  complex  becomes  much  weaker  in  the  presence  of  cor¬ 
tactin  and  actin.  In  fact,  by  analysis  of  binding  to  the  Arp2/3 
complex  in  the  presence  of  phalioidin  or  cortactin,  VCA  appears 
to  bind  to  only  those  Arp2/3  complexes  that  are  in  the  fi*ee  form 
released  from  debranching.  Finally,  VCA  is  not  able  to  displace 
cortactin  fi^om  the  Arp2/3  complex  at  branching  sites  of  actin 
filaments. 

Reduced  affinity  of  WASP  for  the  Arp2/3  complex  after  actin 
nucleation  is  initiated  has  been  postulated  because  of  a  pre¬ 
sumed  requirement  for  a  rapid  motility  driven  by  actin  poly¬ 
merization  (16,  55).  It  has  been  reported  that  the  Arp2/3  com¬ 
plex  requires  hydrolysis  of  ATP  for  actin  nucleation  (55,  56),  and 
VCA  prefers  ATP-bound  Arp2/3  complex  with  a  140  nM  affinity 
to  the  ADP-bound  form  with  a  0.7  p,M  affinity  (55).  Thus,  the 
function  of  VCA  may  be  to  place  an  actin  monomer  in  contact 
with  an  Arp2/3  complex  and  stimulate  ATP  hydrolysis.  Hydrol¬ 
ysis  of  ATP  to  an  ADP-Pj  state  would  then  cause  a  conforma¬ 
tional  change  that  allows  Arp2,  Arp3,  and  an  actin  monomer  to 
associate  and  form  a  nucleus,  and  subsequent  release  of  VCA 
from  the  Arp2/3  complex.  In  this  study,  we  have  directly  ob¬ 
served  the  reduced  binding  of  VCA  to  the  Arp2/3  complex, 
which  was  only  apparent  when  actin  polymerization  took  place 
in  the  presence  of  cortactin.  Although  the  measurement  was 
carried  out  when  actin  polymerization  was  completed,  fixation 
of  actin  polymerization  by  phalioidin  at  different  times  has 
mimicked  the  function  of  cortactin  to  stabilize  actin  branching 
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Fig.  7.  A  mod^  for  the  fomation  of  de  novo  branched  actin  filaments  mediated  by  Arp2/3  complex,  N-WASP,  and  cortactin.  In  de 
rwvo  actin  assembly  N-WASP  acquires  a  high  affinity  for  the  free  form  of  Arp2/3  complex  upon  stimulation  by  membrane-associated  signaling 
molecules  such  as  Cdc42  and  phosphatidylmositol  4,5-bisphosphate.  The  association  with  N-WASP  leads  to  activation  of  the  Arp2/3  complex 
facilitation  of  Its  bmffing  to  ^  existing  actin  filament,  and  initiation  of  new  actin  assembly.  At  this  stage,  the  activated  Arp2/3  complex  becomes 
l^s  accessible  to  I^W^P  but  is  more  prone  to  the  association  with  cortactin,  which  binds  to  both  the  Arp2/3  complex  and  the  nascent  actin 
filament  ^th  an  affinity  50-fold  higher  than  for  the  free  form  of  Arp2/3  complex.  The  complex  of  cortactin/Arp2/3/F-actin  at  the  branching  site  is 
Stable  and  serves  as  a  better  nucleation  site  for  assembly  of  branched  actin  filaments 


and  demonstrated  that  the  change  in  the  affinity  of  VGA  for  the 
Arp2/3  complex  occurs  at  an  early  phase  of  actin  assembly. 
Since  phalloidin  is  known  to  stabilize  actin-associated  ADP-P^ 
(57),  an  intermediate  form  from  the  transition  from  ATP  to 
ADP,  our  finding  supports  the  view  that  hydrolysis  of  ATP 
hydrolysis  contributes  to  the  change  in  the  affinity  of  VGA  for 
the  Arp2/3  complex.  However,  given  a  dramatic  increase  in  the 
affinity  of  cortactin  from  1  fjM  to  20  nM,  which  is  even  stronger 
than  VGA  for  ATP-bound  Arp2/3  complex,  cortactin  could  play 
an  important  role  in  the  dissociation  of  VGA  from  the  Arp2/3 
complex  in  a  manner  independent  of  ATP  hydrolysis. 

The  enhanced  affinity  of  cortactin  for  Arp2/3  complex  during 
actin  assembly  could  be  a  result  of  a  substantial  conformational 
change  in  the  Arp2/3  complex  (58,  59).  However,  this  structural 
change  could  not  be  simply  due  to  VGA  binding  because  it  only 
occurs  when  actin  is  present.  Indeed,  GST-cort-(l-80)  fusion 
protein,  which  has  the  same  affinity  for  the  free  form  of  the 
Arp2/3  complex  as  intact  cortactin  (21),  is  not  able  to  induce 
actin  polymerization  or  branching,  nor  inhibit  the  activity  of  an 
intact  cortactin  (data  not  shown).  Thus,  the  Arp2/3  complex 
itself,  whether  it  is  in  the  activated  form  or  not,  is  not  sufficient 
to  account  for  the  increase  in  its  affinity  for  cortactin  during 
actin  polymerization.  It  is  more  likely  that  the  acquired  high 
affinity  of  cortactin  for  Arp2/3  complex  reflects  its  interaction 
with  both  Arp2/3  complex  and  actin  filament  at  the  branching 
site.  In  fact,  cortactin  is  known  as  a  potent  F-actin  binding 
protein  with  an  affinity  from  0.2  to  0.4  nM  (21,  28).  Our  recent 
measurements  using  freshly  polymerized  actin  fixed  with  phal¬ 
loidin  estimated  a  value  even  below  100  nM  (23).  The  align¬ 
ment  of  activated  Arp2/3  complex  with  a  daughter  filament 
may  further  enhance  the  affinity  of  cortactin.  Additional  evi¬ 
dence  supporting  this  possibility  is  a  previous  observation  that 
cortactin  absolutely  requires  its  binding  to  F-actin  for  its  abil¬ 
ity  to  promote  actin  nucleation  and  actin  branching  (21,  22). 

Because  of  its  strong  dependence  on  F-actin  binding,  we 
propose  a  model  for  a  possible  interaction  between  cortactin 
and  Arp2/3  complex  at  a  nucleation  site  as  shown  in  Fig.  7.  In 
this  model,  N-WASP  activates  the  Arp2/3  complex  by  a  tran¬ 
sient  interaction,  which  results  in  changes  in  the  configuration 
of  the  Arp2/3  complex  and  increase  in  the  association  of  the 
Arp2/3  complex  with  an  existing  actin  filament  (60).  Once  the 
branching  point  is  established,  N-WASP  may  be  released  from 
the  complex  as  a  result  of  either  ATP  hydrolysis  or  replacement 
by  cortactin,  which  has  acquired  a  much  higher  affinity  for  the 
branching  point.  Since  both  WASP-related  proteins  and  cortac¬ 


tin  are  abundantly  present  in  most  cells  (21),  a  high  affinity  of 
the  WASP  family  proteins  for  the  Arp2/3  complex,  100-200  nM 
with  N-WASP  (16,  21)  and  400  nM  with  WAVE  (61,  62),  would 
secure  an  instant  activation  of  the  free  form  of  the  Arp2/3 
complex  in  a  de  novo  actin  assembly.  Similarly,  the  high  affin¬ 
ity  of  cortactin  for  the  activated  Arp2/3  complex  would  be 
necessary  to  facilitate  the  release  of  WASP  from  the  branching 
site  of  actin  filaments  and  to  increase  stabilized  nucleation 
sites  for  a  rapid  growth  of  actin  filaments.  Gonsequently,  the 
sequential  reaction  will  result  in  a  robust  polymerization  of 
branched  actin  network  upon  stimulation.  Supporting  evidence 
for  this  novel  mechanism  for  actin  polymerization  is  the  obser¬ 
vation  that  cortactin,  which  itself  may  not  directly  activate  the 
free  form  of  the  Arp2/3  complex  as  N-WASP  does,  can  potently 
stimulate  both  actin  nucleation  and  actin  branching  (Fig.  3). 

Our  conclusion  is  significantly  different  from  a  recent  report 
(41)  that  VGA  and  cortactin  may  bind  simultaneously  to  the 
Arp2/3  complex  via  different  subunits  and  form  a  ternary  com¬ 
plex  with  Arp2/3  complex.  The  apparent  discrepancy  is  at  least 
partially  due  to  different  conditions  used  in  their  experimental 
procedure,  which  was  performed  with  a  cortactin  fragment 
containing  only  the  Arp2/3  binding  domain  and  lacking  the 
activity  for  either  actin  nucleation  or  branching.  Although  the 
report  has  described  a  competition  between  VGA  and  the  cor¬ 
tactin  fragment  and  the  authors  indicated  the  presence  of  a 
common  binding  site  at  the  Arp3  subunit  for  both  types  of 
protein,  no  clear  conclusion  was  drawn  because  of  a  further 
finding  that  the  cortactin  N-terminal  peptide  could  not  compete 
with  the  VGA  binding  sites  at  Arp2  and  p41  sites  of  the  free 
form  of  the  Arp2/3  complex  (41).  While  our  study  using  fully 
functional  cortactin  proteins  does  not  rule  out  the  possibility 
that  N-WASP  might  still  associate  with  p41  and  Arp2  subunits 
in  the  presence  of  cortactin,  this  possibility  is  very  unlikely 
under  the  condition  when  actin  polymerization  takes  place, 
given  the  fact  that  their  relative  affinities  have  been  dramati¬ 
cally  changed.  Gonsistent  with  our  conclusion,  cortactin  and 
N-WASP  do  not  appear  to  be  co-localized  in  the  Shigella-in¬ 
duced  actin  comet  tail  that  is  composed  of  newly  formed 
branched  actin  network  driven  by  constitutively  activated  N- 
WASP  and  Arp2/3  complex  (16,  63).  However,  cortactin  could 
be  colocalized  more  closely  with  WASP  family  proteins  in  other 
cellular  systems.  For  example,  cortactin  is  a  primary  substrate 
of  the  Src  protein  tyrosine  kinases  (35,  64)  and  binds  to  several 
membrane-associated  proteins  including  dynamin-2,  ZO-1,  and 
GortBPl  via  its  SH3  domain  (30,  32,  33,  65).  Thus,  cortactin  is 
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likely  to  function  in  proximity  to  the  plasma  and  other  intra¬ 
cellular  membranes  as  well  Indeed,  cortactin  is  abundantly 
present  in  lamellipodium,  membrane  ruffles,  and  endosomes 
(21,  35,  46,  66).  By  interacting  with  different  components  on 
the  membrane,  cortactin  and  N-WASP  likely  play  an  important 
role  in  the  organization  of  actin  network  by  fine-tuning  the  size 
and  branches  of  actin  filaments  to  power  movements  of  partic¬ 
ular  types  of  cellular  organelles. 

It  is  also  possible  that  WASP-like  proteins  may  facilitate  the 
association  of  cortactin  with  the  Arp2/3  complex  during  actin 
assembly.  In  fact,  it  has  been  reported  that  cortactin  could  bind 
to  N-WASP  directly  though  the  cortactin  SH3  domain  (44).  A 
recent  study  has  also  described  an  interaction  between  cortac¬ 
tin  and  WIP,  a  WASP  interacting  protein  (67).  Thus,  WASP 
could  also  affect  cortactin  through  indirect  interaction.  While 
the  actin  branching  activity  of  cortactin  as  analyzed  in  vitro 
does  not  appear  to  require  the  function  of  its  SH3  domain  (data 
not  shown)  and  the  VGA  fragment  used  in  this  study  does  not 
contain  an  apparent  SH3  binding  domain,  a  transient  interac¬ 
tion  with  WASP  proteins  could  contribute  to  recruitment  of 
cortactin  to  the  sites  for  cortical  actin  assembly  in  cells.  Since 
many  cellular  proteins  have  also  been  found  to  bind  to  the 
cortactin  SH3  domain,  distinguishing  specific  roles  of  these 
proteins  in  the  function  of  cortactin/WASP/Arp2/3 -mediated 
cortical  actin  assembly  may  eventually  provide  a  detailed 
mechanism  for  regulating  and  directing  actin  assembly  in  cells. 
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